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ABSTRACT

The Deep Water Horizon (DWH) oil spill in 2010 was the largest deep ocean oil spill in world
history. Very limited information about oil biodegradation is available in deep oceans other than
GOM since DWH. In this study, we investigate the microbial communities’ response to crude oil
contamination in the deep Eastern Mediterranean sea (E.Med) and Great Australian Bight (GAB).
In addition, we will assess feasible methods for oil bioremediation in those locations.
First, we discovered the fast adaption of the E.Med deep water microbial community to oil
contamination in terms of phylogeny and functional genes. Based on the 16S rRNA sequencing
and GeoChip metagenomics results, oil contamination led to the increase of Proteobacteria and
the enrichment of organic degradation genes. Oil biodegradation potential can differ between
two depths that are only 200 m apart suggesting that depth profiles have major differences in
response to crude oil.
After that, we found that both E.Med and GAB deep water microbial communities had strong
carbon utilization and oil mineralization rates using in-lab microcosms of deep E.Med and GAB
water. However, the deep GOM microbial community had a much higher cell growth and carbon
utilization capacity compared to E.Med and GAB. Although there was an enrichment of oil
degrading bacteria in E.Med and GAB, the oil degrading microbial communities were different
after exposure to crude oil.
Last, we found that nutrient and dispersant amendments can increase the microbial carbon
utilization in deep E.Med. Analyzing in-lab microcosms with 16S rRNA
and GeoChip metagenomics, we observed that the application of dispersant and phosphate can
effect dissolved organic matter and microbial community composition. Compared to
uncontaminated water, the presence of crude oil can increase oil degrading bacteria and carbon
degradation genes
Together, We observed rapid microbial response to crude oil contamination. The organic carbon
from oil can be utilized in a short time at both basins. The amendment of dispersant and other
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limiting nutrients can work as prospective bioremediation methods for potential deep sea oil
spills in E.Med and GAB.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW
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Introduction
Petroleum oil is a complex mixture of various hydrocarbons and other aromatic compounds,
typically used for energy and raw materials for various industries. Many factors, both natural
and anthropogenic can cause crude oil contamination in marine environments. With the rise of
offshore oil exploration outside of the Middle East, the possibility of oil spills in marine
environments is increasing (1). Therefore, it is important for us to have a clear understanding of
the impact of marine petroleum spills (2-4) and develop better methods to deal with the
contamination.

Petroleum oil is one of the most critical raw materials for a diverse range of industries. The
refined products from petroleum include both fuels and chemical reagents. 3500 million tons of
crude oil is consumed worldwide every year (2, 4). Although the demand for petroleum is global,
the majority of terrestrial oil resources are found in the Middle East. Countries with the largest
oil consumption rates, e.g. China and the US, the farthest away from the sources are the largest
oil users. Many oil companies are currently exploring marine environments for oil seeps to
decrease foreign imports and gain energy independence.

Offshore oil drilling and the transportation of oil by ship have led to many marine oil spills. One
of the worst oil spills in history was the Deepwater Horizon oil spill of 2010. An enormous
amount of crude oil (4.1 million barrels) was released into the environment in a short period of
time (85 days). Since the source of the leak was blowout prevention device at the well head in
1500 m of water the oil dispersed in the deep water and caused a large oil slick at the ocean
surface. The presence of the slick inhibited O2 and CO2 exchange, altered the pH level of the
water, blocked seawater evaporation, changed the precipitation dynamics at the surface, and
caused marine desertification (3). The oil seriously impacted flora and fauna due to low oxygen
levels in ocean water column. It also destroyed the plumage of birds and the fur of sea mammals,
leading to their hypothermia. Harmful compounds in crude oil poisoned key marine organisms,
disrupting the delicate underwater food chain, which eventually became a serious threat to
human health. Approximately half of the coastal wetlands of the Gulf of Mexico were damaged
from oil contamination. Although much research has been done, we still do not fully understand
the extent of the damage in the Gulf of Mexico.
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Although oil contaminates the environment when catastrophically released, oil itself is a natural
product of the marine ecosystem. Crude oil is the result of deposited algae being in marine
sediments for millions of years. Many oil seeps exist at the ocean bottom, which together release
600,000 tons of hydrocarbons into the marine environment every year (4). Because crude oil is a
natural product, a large group of microorganisms have developed the capacity to utilize the
compounds from crude oil to support their growth in both aerobic and anaerobic conditions.

Nowadays, diverse methods have been developed for the cleanup and recovery of oil pollutants,
which include physical, chemical and bioremediation treatments (5). Crude oil bioremediation is
a method based on oil microbial biodegradation. It is considered as an environmentally friendly
and economical technology for oil contamination cleanup with a nearly complete decomposition
of even the most complex oil organic compounds. Oil degrading microorganisms are crucial for
the bioremediation process, which can decompose toxic and complicated compounds into
simpler and harmless inorganic compounds that can enter other biogeochemical cycles (6).
Alternatives to oil biodegradation include the traditional physical and chemical treatments such
as controlled burns, skimming, absorbing, and dispersant. These alone cannot transform
components from oil into simple and unhazardous compounds. They can cause potential
secondary pollution to marine environment and can be costlier and harder to apply over a large
area. Some reports show that oil bioremediation can cost about 30%-50% less than chemical and
physical methods and be more effective for the long-term environmental recovery (7).

Status of the Research of Oil Biodegradation
The toxicity of different oil components
There are four major groups of organic compounds are found in crude oil: saturated
hydrocarbons, aromatic hydrocarbons, alkenes, and resins/asphaltenes (5). Saturated
hydrocarbons constitute the majority of natural gas and crude oil (2, 3, 6). Saturated
hydrocarbons consist of straight alkanes and cycloalkanes. Straight alkanes can be further
subcategorized into branched and unbranched alkanes. The molecular weight of the saturated
hydrocarbons will determine their natural state at room temperature. Low molecular weight
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alkanes with less than 6 carbon atoms are typically gases room temperature. Alkanes with 5-15
carbon atoms are often liquids. Those with more than 15 carbon atoms are generally solids.
Cycloalkanes vary in the number of rings in their chemical structure. They are
thermodynamically more stable than the straight chains (7-9). Aromatic hydrocarbons can be
found with one or more ring structures that can have alkyl substituents. Benzene is the smallest
and simplest example of an aromatic hydrocarbon. Compared to saturated hydrocarbons,
aromatic hydrocarbons are much more toxic; some of them are even carcinogenic (10-12). The
abundance of alkenes in the environment are usually very low, but they are used for the refining
progress within the petroleum industry (13). Usually, short chain alkenes with less than five
carbon atoms are gases, while those with more than four carbon atoms are liquids at room
temperature. Resins and asphaltenes are heterocyclic compounds with nitrogen, sulfur and other
metals (14). They tend to be more structurally complex than saturated hydrocarbons and
aromatics. Resins and asphaltenes differ in their solubility in solvents such as heptane.

Oil contamination is seriously hazardous to the environment, but its toxicity depends on the
hydrocarbon composition of the oil. In general, toxicity increases with the molecular weight of
the hydrocarbon (12). Of the four main groups of hydrocarbons within crude oil, aromatic
hydrocarbons are the most toxic to humans and wildlife. Benzene and naphthalene are the most
abundant aromatic compounds within crude oil. Their carcinogenic and mutagenic potential
have been well-studied (11, 15). Alkanes have the lowest toxicity compared to the other three
groups in crude oil. Some of the low molecular weight alkanes below C10 are believed to be
toxic to some microorganisms due to negative interactions with their lipids (16). The toxicity of
alkenes and cyclohexanes are lower than aromatics.
The general characteristics of oil bioremediation
The ecological impact of oil contamination can be affected by many variables, such as the
geochemical characteristics of the contaminated sites, microbial communities, the volume of
released oil, oil types, and oil release rate (Figure 1). Natural environmental processes can
remove some of the oil contamination. Many studies have reported the positive effects of natural
evaporation, oxidation, and biodegradation on oil remediation. Biodegradation is based on
microbial activity. Nutrients, oxygen, pH and other environmental variables are all critical for
this process. Any limitation in one of these variables can greatly decrease the biodegradation
4

efficiency. In situ environmental variables typically limit microbial activity, therefore it can take
a long time for oil to naturally degrade in environments unassisted (17).

The application of microorganisms for the oil-contaminated site has been verified as an efficient,
economical and environmentally friendly (natural) method because of their capacity to degrade
or detoxify the various hydrocarbon compounds(17). The basis of oil bioremediation methods is
to improve the growth conditions for microorganisms, so that they can utilize the crude oil as a
carbon and energy source(17). For example, an engineered biotreatment for oil contamination of
coastal shorelines relies on the microbial utilization of hydrocarbons from crude oil. Studies of
these remediated environments at a molecular and genetic level have shown that the
microorganisms have an enormous potential for toxic compound degradation under controlled
conditions (18, 19). The microbial transformation of hydrocarbons from crude oil into carbon
and energy sources is one part of the biogeochemical process. Thus studies on biogeochemistry
are necessary for us to have a better understanding of biodegradation and application of
microorganisms for oil pollution (18).

During optimal bioremediation, harmful organic contaminants are transformed or mineralized
into less harmful daughter products. These substances are then utilized by the same or other
groups of microorganisms. Microbial metabolic ability is a major factor for the turnover rate of
these compounds (18). Biochemical and biophysical factors can also influence the turnover rate.
These environmental factors can be engineered in situ for the ideal biodegradation rate (18, 20)
(Figure 1).

Crude oil biodegradation mechanisms
About 175 archeael and bacterial genera have been found with the capacity to utilize diverse
hydrocarbons as single or principal carbon sources to for their growth. Oil degradation processes
have been found within both pure and mixed cultures. One microorganism may only utilize
certain family of hydrocarbon compounds (aliphatic or aromatic hydrocarbons) used as carbon
and energy source (21, 22)(Figure 2, 3, 4). It is also reported that biodegradation can happen
under both aerobic and anaerobic conditions. However, the aerobic biodegradation is often
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faster than anaerobic. Because of the hydrophobicity of most hydrocarbons in crude oil,
bioavailability can be a limiting factor for microbial oil biodegradation (23).

There are many common characteristics shared by aerobic oil degrading microorganisms. First,
many of them can produce biosurfactants to increase the availability of hydrocarbon compounds.
Second, many can perform an intracellular initial oxidative reaction mediated by oxidases (24).
The oxidized products usually enter central intermediary metabolic pathways that provided
needed compounds for cell growth (25, 26).

Biodegradation of Alkanes
Microorganisms have a much greater capacity to degrade the alkane group than other
hydrocarbons. This higher degradation capacity of alkanes may be partially due to their high
natural abundance (27). Alkanes, for example, are commonly found in green plants and algae
(28). It has been reported that microorganisms can utilize a broad range of alkanes (up to C40)
in both laboratory and natural environments (29, 30). Many alkanes can be used as the carbon
source for the biosynthesis and microbial reproduction (31, 32).
The microbial biodegradation on alkanes has been discovered both in soil and water. It is a very
common geochemical cycling phenomenon. Some microorganisms can utilize multiple types of
alkanes, including both medium and long chain alkanes (29, 32). It is also observed that
compared to other hydrocarbons in crude oil, n-alkanes are much easier for microbial
biodegradation in most environments than other hydrocarbon groups (14). The conditions for
alkane biodegradation are not as critical as other hydrocarbons.

Many microorganisms have been found with the capacity to degrade hydrocarbon pollutants at
room or higher temperature (33). In low temperature conditions such as the ocean bottom, long
chain alkanes are found in a solid phase, which leads to their recalcitrance in cold conditions,
because of their low availability (33). The production of biosurfactants is particularly helpful to
increase the bioavailability in the microenvironment under these conditions. However, there are
also some strains that can degrade alkane compounds in much lower temperatures, such as
Achromobacter, Bacillus, Pseudomonas, etc. (14, 32). Because of the huge functional potential
of those psychrophiles, it is very important to carry out more research on their catabolic
6

pathways and genetic characteristics for the optimization of their application in bioremediation
for oil contaminated sites (34). Especially since all the current oil spill models like “OSCAR”
utilize a standard Q10 algorithm, which assumes for every 10 degree change in temperature there
is a corresponding increase in enzyme activity (35).

Microorganisms cannot degrade oil when nutrients are limited or other environmental variables
are unfavorable (2, 36). Also, many oil-degrading microorganisms show a selective degradation
capacity of hydrocarbon compounds where a species can only degrade certain set of
hydrocarbons (37). However, there are some studies showing a robust utilization of a wide array
of hydrocarbons by some species (38). During the degradation process, the physical property of
crude oil changes with time, because lots of oil degrading bacteria prefer light fraction of oil.
The oil density usually increases with the accumulation of higher molecular weight compounds
(3, 14).

The biochemical mechanism of aromatic hydrocarbon biodegradation
Similar to n-alkane biodegradation, the aromatic compound biodegradation is also initialed by an
oxidation step (39). During the degradation process, the aromatic compounds are usually
hydroxylated as dihydrodiol. Then, the subsequent products generally enter ortho or meta
cleavage pathways, where the ring structure is opened to form catechols. The resulting catechols
are utilized in the tricarboxylic acid cycle (25).

Microbial hydrocarbon uptake of alkanes
Microbial alkane uptake is considered as a passive delivery process. Initially, bacteria were
thought to be only able to use dissolved hydrocarbons in the water. However, more and more
studies show that the aliphatic hydrocarbons can be degraded faster than their dissolution rate in
the water, suggesting other hydrocarbon uptake mechanisms in microorganisms (40). Two
hypotheses have been proposed to explain microbial hydrocarbon uptake. The first posits that
when the hydrocarbon droplets are smaller than a certain size, microorganisms can uptake the
whole droplet into the cell. The second hypothesis is that cells can take hydrocarbons into their
cells under the facilitation of biosurfactants. The production of biosurfactants and other surface-
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active compounds can significantly enhance the surface-volume ratio of the hydrocarbons.
Studies have shown that amphipathic materials can significantly increase the surface areas of
hydrophobic hydrocarbons by dispersing them into small droplets in water (41). After that,
microorganisms showed a much higher biodegradation rate (40). Also smaller droplet size can
facilitate bacterial cells to take up these compounds (42). Microorganisms can also make their
cell surface more hydrophobic by the modification of the components of cytomembrane (43-45).
Some bacteria can biosynthesize extracellular polymeric compounds as tiny capsules, which can
interact with hydrocarbon droplets and facilitate the uptake process. This phenomenon is
commonly found especially when the substance is with a high portion of long chain or high
molecular weight hydrocarbons.

Bacterial adaption to oil degradation
Microorganisms can sense the environmental changes and respond to them. They can adjust the
composition of their cell membranes and produce different proteins to adapt to hydrocarbon
toxicity and other environmental changes like increased temperature, pH, or different substrates
(43). The production of diverse proteins and changes on the fatty acid lipid composition have
been shown as a very effective method to increase the survival rate and maintain the membrane
function (46, 47). When the temperature goes down, microorganisms can increase the saturation
ratio in the cell membrane and decrease the length of acyl chain. This usually leads to the rise of
the ratio on cis to trans fatty acid lipids and the abundance of branched fatty acids lipids (48, 49).
It was also reported that these changes can also protect the bacteria cells from hydrocarbon
toxicity with a less permeable membrane (43).

Enzymes involved in hydrocarbon biodegradation
In the hydrocarbon biodegradation process, the initial oxidation is the most important step. In
general, the oxygenases can insert an oxygen molecule into hydrocarbon structures (50). For
alkane biodegradation, it is usually monooxoygenase catalyzing the initial reaction (2, 25). For
some other hydrocarbons, such as carbazole, dioxygenase is the initial enzyme (51). After the
initial oxidation, the daughter products were degraded by subsequent enzyme complexes.
Hydroxylase is an enzyme first found in hexane biodegradation from Pseudomonas putida. The
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hydroxylase complex includes monooxygenase in the membrane and rubredoxin reductase.
Rubredoxin reductase can mediate the electron transfer from NADH (nicotinamide adenine
dinucleotide) to rubredoxin through FAD (flavin adenine dinucleotide). After that hydroxylase
can get an electron from rubredoxin. After getting the first cloned hydroxylase complex, various
hydroxylases systems have been reported from different microorganisms, which showed a
different range of substrates. The one found in Pseudomonas putida can utilize hydrocarbon
from C5 to C12. However, some other hydroxylases can only catalyze the reaction with the
substrate longer than C10 (52). Although some of them do not bring them into cell membranes,
they all need co-factors such as NAD+ or NADP+ for electron transport. Some research showed
that in some strains they might prefer longer chain hydrocarbons with higher molecular weight to
those lower ones (33).

The distinct features of Deepwater Horizon Oil Spill
Many serious oil spills have occurred in both marine and terrestrial environments. Among
marine oil spills from the past 50 years, the Gulf War oil spill of 1991, the IXTOC I oil spill of
1979, and the Deepwater Horizon oil spill of 2010 were some of the most significant. More than
475,000 tons of crude oil was released during the IXTOC I oil spill after a well blowout. Even
more oil, an estimated 1 million tons, was released during the Gulf War oil spill by Iraqi military
(53). The Deepwater Horizon oil spill was due to an accidental well blowout at the bottom of the
Gulf of Mexico. It was different from other oil spills in that it was one the deepest; the well was
1500m below the surface. From a scientific and ecological standpoint, the oil spill was also the
most exhaustively studied in history, using the latest biotechnological and geochemical methods
available. Compared to other oil spill accidents, the Deepwater Horizon Oil Spill was associated
with several distinct features, such as large volume of released oil, its deep depth, and the
application of several auxiliary methods for oil biodegradation.

The Deepwater Horizon Oil Spill started in the April of 2010 with the beginning of a gas
explosion at the Deepwater Horizon drilling platform, which killed 11 people and injured 17
others. This accident next led to an uncontrolled blowout of crude petroleum oil and
hydrocarbon gases at 1500 m below the ocean surface. This marine oil leak lasted for 85 days.
Over more than 4 million barrels of crude oil was released into the ocean, which is much more
9

than any other deep sea oil spill. Besides the crude oil, more than 1.7 × 108 kg of natural gas was
released into the environment, in which methane accounted for the majority (54-56).

Moreover, Deepwater Horizon was the first time in history where a chemical dispersant (Corexit
9500 and 9527A) was applied in the deep ocean (Figure 5). Approximately 7,000 m3 of
dispersant was used during the spill, and about 30% of it was injected into the oil plume to
decrease the size of oil droplets (3). The smaller droplets made the oil accumulating at the
surface move farther away 4 h after injection was started at the well head) from the well control
area and thus safer for all the ships working in that area. The size reduction was confirmed by
many reports (57, 58).

A significant fraction of the discharged oil and gases was retained in the deep ocean forming an
oil plume. The oil plume in the deep water was a mixture of aromatic hydrocarbons, medium
length alkanes, and gases (mainly methane). Many chemical (oxygen saturation) and microbial
characteristics (biomass and community structure) in the plume were distinct from the water
column without oil plume. Hydrocarbons and microbial communities in the plume were affected
by the interactions of many biological and geochemical variables (59-61). Compared to other
factors, the current in the deep ocean and eddies influenced movement of the plume, which
caused profound consequences on plume microbial community structure and biodegradation
rate(38).

Larger droplets of crude oil with high molecular weight hydrocarbons went to ocean surface
forming very thin oil slicks (4). The presence of oil slicks led to a different response from
microbial community compared to the deep oil plume, although both had a high abundance of
Gammaproteobacteria. It was estimated that about 50% of the total released crude oil and gases
rose to the ocean surface (57, 62). Approximately 180,000 km2 of ocean surface at the Gulf of
Mexico was seriously influenced by the extensive oil slicks with different thickness. Similar to
the plume, many factors, like currents and dispersant, were involved in the distribution of the oil
slicks (63). A large area of beaches and water lands was contaminated by the surface crude oil.
Some of the oil was found buried in the seashore sediments (3).
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A many studies have studied the fate of the discharged crude oil. Skimming and burning only
removed a small amount of the contaminants, around 8% in total (64). Approximately 17% of
the oil was accumulated in the coastal wetlands. About a quarter of the released oil was removed
by natural evaporation and dissolution, then degraded by microorganisms after dissolution.
There was also a large amount of oil was dispersed or became residual oil.
The microbial community changes and hydrocarbon biodegradation
After the enormous amount of released oil, there was a change on the microbial community
composition and structure (Figure 6). Before the Deep Water Horizon oil spill happened, the
microbial communities at depths less than 100 m were significantly different from the deeper
communities. SAR11 Alphaproteobacteria and Bacteroidetes were the dominant groups in those
shallow communities. The ratio of Alphaproteobacteria to Gammaproteobacteria was higher
than 1.7. However, in deeper communities, the abundance of Archaea and Deltaproteobacteria
became much higher. The abundance of Gammaproteobacteria was remarkable since many
Gammaproteobacteria species are essential for oil biodegradation (65, 66).

Because of the enormous amount of hydrocarbon seeps in the Gulf of Mexico (400,0001,000,000 barrels/yr), the oil-degrading bacteria have attracted a lot of attention. Many bacterial
groups have been found with hydrocarbon-oxidizing capacity such as Alcanivorax, Marinobacter,
and Oleispira as well as methanotrophic bacteria (66, 67). A huge increase in the population of
Oceanospirillales was discovered in the communities from plume and oil-contaminated seawater
compared to uncontaminated communities by Hazen et al., 2010 with metagenomic sequencing
(Mason et al. (2012). Some other transcriptome results have also revealed that the abundance of
Colwellia, and Cyclodasticus increased dramatically in the plume (64). Additional respiration
data showed that these microorganisms can utilize different hydrocarbon compounds, like
propane, in the plume(68). Many studies reported the high abundance of Colwellia after the oil
spill happened, but its population prior the oil spill was relatively small, or even below detection
limit (66).

Although many strains of Alcanivorax have been found with active oil degrading ability and
extensive presence in the Gulf of Mexico (69), their abundance was low compared to other wellknown oil degraders (65-67, 70). The alkB gene is one the most representative hydroxylases
11

identified in microorganisms. In samples collected prior to the oil spill, Smith et al (71)found
one dominant alkB gene from Gulf of Mexico water samples with a high similarity to that of the
well-known oil degrader, Alcanivorax. The alkB decreased to a very low abundance after the oil
spill happened. Therefore both alkB and 16S rRNA gene analysis suggests that although some
taxa, like Alcanivorax have a wide existence in the Gulf of Mexico before oil spill, they could
not compete with other bacterial groups e.g. (Oceanospiralles) when the oil spill happened.

Light hydrocarbon biodegradation
Shortly after the occurrence of the Deepwater Horizon Oil Spill, the microbial response to the
released light hydrocarbons was discovered by different groups. Small molecular weight
hydrocarbon compounds (less than 5 carbon atoms) accounted for more than 20% of the
discharge, in which methane constituted around 60% (55). Most of these light hydrocarbons
remained in the water column deeper than 800m (72). A large portion of methane stayed in the
form of low sea-air fluxes (71). At the beginning of the spill, the methane concentration
significantly increased, but the methanotrophic population had a relatively low abundance and
activity (66, 72). Later, they found a drastic increase of the methylococcaceae population and
the expression of methane monooxygenase genes(69). At the same time, the concentrations of
methane started to decline rapidly. In addition to methane, ethane and propane were also
efficiently degraded and accounted for a big portion of the oxygen consumption(67).
Oceanospirillales isolates were also reported with the capacity to grow on ethane and propane in
laboratory conditions (73).

Similarly, many metagenomic and metatranscriptomic results showed that alkane
monooxygenase genes were increased relative to the methane monooxygenase gene for ethane
and propane utilization (65, 72, 73). The particulate monooxygenase sequences can be classified
into four clades, and one of which had very similar monooxygenase gene sequences found in
methanotrophic Gammaproteobacteria (74). Other 16S rRNA gene analysis also supported this
finding by showing the enrichment of this group of bacteria in the spill (66, 75). Two other
clades were identified with high similarity to the monooxoygenase responsible for ethane and
propane oxidation.
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(High molecular weight) Hydrocarbon impacts offshore
After Deepwater Horizon, studies have investigated the interaction among the released
hydrocarbons, dispersant, and microbial communities in the water column. A rapid microbial
response to the discharged crude oil was observed in both the deep and surface water column
within a short period of time (76, 77). This feature made the GOM oil spill very different from
the Exxon Valdez spill in Alaska, where the cold temperature was believed as the major factor
slowing the oil biodegradation rate even after application of multiple bioremediation methods (4,
26, 76, 77).

Microbial communities in deep-sea plume
Bacterial biomass increased in the plume compared to the adjacent uncontaminated water
column during the oil spill (63). 16S rRNA gene amplicon sequencing revealed a significant
increase of Gammaproteobacteria species and psychrophilic oil degrading bacteria in plume (65,
66). Many isolates identified as Oceanospirillales were also cultured under laboratory
conditions (65, 67, 78). Metagenomic and metatranscriptomics research showed that over half of
the sequences most closely related to Oceanospirillales. More than 60% of the sequences in the
metagenomic analysis were found related to Oceanospirillales and more than 50% of the
transcribed scripts were from these bacteria. They also discovered certain members from
Deltaproteobacteria, Pseudomonadales and Alteromonadales were very active in the plume with
a high number of transcripts. Most of the sequences can be matched to the reference genome of
known oil degraders. Although the abundance of Colwellia species was not as high as other
groups in the pool of 16S rRNA gene sequences, a large portion of transcripts were found from
them in the total transcriptomic library, which strongly suggested that some species like
Alteromonadales was very active in the crude oil plume (64).

Studies on later time phase of the spill (after June 2010) documented a clear succession pattern
of the microbial communities from Alteromonadales to Colwellia and Thiotrichales to
Cycloclasticus becoming the dominant groups (73). Ex-situ experiments also revealed the
enrichment of Colwellia in the deep ocean microbial community with the amendment of crude
oil at its natural temperature (73). In the plume, Colwellia was found utilizing light
hydrocarbons such as propane and ethane, while other groups can grow on aromatic
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hydrocarbons, which was determined by stable isotopic analysis. Reports from later samples in
September 2010 provided more details on the microbial community succession in the plume,
which was dominated by methylotrophic bacteria. At that same time, the population of
Oceanospirillales and Colwellia decreased dramatically, indicating more microbial activity on
the utilization of light hydrocarbons from the released gases (69). Although many reports have
shown the dynamics of the composition of bacterial community from the plume samples, there
was not a huge change to the community structure of the archaea (73). Like other deep oceans,
the archaea abundance is fairly high in the Gulf of Mexico deep-sea microbial community (66),
but they may have a very low contribution to the cleaning up of oil contamination. Some reports
showed that oil spill might produce a negative influence on the archaeal population (79, 80),even
though some of them were identified with hydrocarbon degradation capacity (78).

In order to have a better understanding of the microbial succession patterns in the deep-sea oil
plume, simulating quantification analysis was carried out with the horizontal consideration of
circulation and Gulf of Mexico deep-sea water mixed with crude oil (59). The modeling results
showed that when the crude oil was released, the population of hydrocarbon degrading bacteria
went up significantly. After their preferred hydrocarbons were used up, their abundance went
down, and other taxa living on different substrates bloomed. The model also suggested fresh
crude oil near the oil well can increase the abundance of oil-degrading bacteria. More oil
biodegrading bacteria can increase the biodegradation rate.

The changing properties and composition of crude oil over time and locations was another major
factor for the succession of the microbial community (75). There were mainly three different
spill phases according to the well capture process, which were uncontrolled oil release (41 days),
partially captured oil release (39 days) and well capture (after July 15). The microbial
communities were found with strong correlation to different time phases. During the first phase,
Oceanospirillales and Pseudomonas were discovered as the dominant groups in the plume (75).
Then the dominant taxa turned to be Colwellia, Cycloclasticus, Pseudoalteromonas and others
(73),. After the well was fully captured, the community shifted to Flavobacteria,
Alteromonadaceae, and Rhodobacteraceae at the depth with dissolved oxygen (75), which have
been identified as hydrocarbon degraders especially for high molecular weight hydrocarbons
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(81). Therefore after the well was fully sealed, those blooming species were most likely growing
on the decomposition of the cell biomass from the prior oil degraders.

Functional response of deep-sea plume microbial community
Various systematic technologies have been applied to show the remarkable elevated abundance
of gene enrichment and expression relative to the utilization of hydrocarbon from the oil plume
(82). GeoChip microarray metagenomic analysis demonstrated lower gene diversity in the
plume compared to the water column without it (82). It also revealed the enormous difference in
the functional gene structure in the microbial community. These results demonstrated that the
abundance of genes related to alkane and aromatic hydrocarbon degradation was much higher in
the plume. Additionally, the GeoChip metagenomic results indicated a definite change in the
genes related to biogeochemical cycling in the plume microbial community, especially those for
nitrogen and sulfate utilization. The higher abundance of cytochrome C genes implied that the
hydrocarbon biodegradation in the plume was associated with metal reduction, e.g. Fe. A large
number of genes for inorganic and organic phosphate degradation were observed in the plume
suggesting the demand for phosphate and a potential phosphate limitation in the deep-sea plume.

Metagenomic sequencing results showed the presence of most genes needed for n-alkane
biodegradation in the later phase of the partial captured oil release (64). This study also reported
the presence of genes for the cyclohexane degradation pathway. As we have discussed earlier,
Alkane 1 monooxygenase genes (alkB) were critical for microbial alkane degradation, which was
also found in the deep-sea water and plume samples before and after oil spill (83).
Metatranscriptomic studies revealed a modest expression of these genes in the total transcripts
(74). However, some reports show using alkB as a marker of the alkane degradation activity is
inaccurate because of the variance of its function and substrate specificity (83).

The abundance of genes relevant to aromatic hydrocarbon degradation was observed to be much
higher in the deep-sea plume compared to samples outside of it. However, studies showed that
their abundance was much lower than genes responsible for alkane biodegradation, which
corresponded well with their small portion in crude oil, usually less than 2% (55). It also implied
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that those aromatic hydrocarbons were not the preferential substrates to the microorganisms
when they were exposed to a large amount of alkanes with low and medium molecular weight.

A large number of genes in the transcript library were found from the dominant taxa,
Gammaproteobacteria, and some of their abundance increased to about 100 times higher in the
plume than the uncontaminated water column (74). Surprisingly, the expressed gene category
and abundance suggested that the discharged oil failed to influence a significant portion of the
microbes in the plume community, and some species even appeared inhibited by it. These
results indicated that a large part of the microbial functions in the community stayed on the same
level before and after the spill, and only some groups were positively or negatively influenced by
it. It also meant that the phylogenetic pattern in the microbial community was much more
sensitive and had larger changes to the spill compared to the functional pattern, which implied
that the microbial phylogenetic dynamics was much more sensitive and informative to be used as
biomarkers to detect environmental changes. This also suggested functional redundancy in the
microbial community.

Single cell sequencing revealed more genomic information from the dominant species found in
the plume, like Oceanospirillales (63). Some results conveyed very high similarity to the
observed OTU (more than 95%) and clone (99%) from the same area (73). The 16S rRNA
sequences from Oleispira and Thalassolituus oleivorans by single cell sequencing analysis
showed around 97% similarity to isolates obtained earlier (84). Many hydrocarbon-degrading
genes discovered in the single cell sequencing analysis were similar to those found in
metagenome and metatranscriptome in the plume. Genome sequences from single cell also
showed the presence of chemotaxis genes, indicating the microbial sense and movement to
released oil, which was consistent with the results from synchrotron radiation analysis (64).

Dispersant impact on microbial communities and oil biodegradation
Although there was some conflicting evidence, most studies were consistent with the benefit of
the application of dispersant on the acceleration of oil biodegradation. Many in-lab microcosms
studies were carried out to characterize the dispersant impact on the microbial oil degradation
and the microbial attenuation of dispersant in the deep-sea water column from Deep Water
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Horizon oil spill (85). One study was carried out with the water samples from the same location
and 1100 m depth mixing with 100 ppm crude oil and 60 ppm Corxit EC9500A. Diverse
treatments were set up with the combination of crude oil, dispersant and ferrous chloride under
ambient temperature for 21 days. The oil biodegradation rate was analyzed by the total losses of
all detected hydrocarbons. In the first 5 days, around 25% percent of the dissolved oil was
degraded in the treatment with oil only and much less oil degradation was detected after that.
However, approximate 60% of the oil was degraded in the microcosms with oil and dispersant
after the same period. This strongly suggested that the application of dispersant could facilitate
crude oil degradation other than inhibition in the deep-sea water column of the Gulf of Mexico.
Another interesting discovery from this study was the amendment of iron led to only a small
increase in both oil degradation and microbial respiration, which indicated the microbial
community in the deep water of the Gulf of Mexico was not under the limitation of iron when
exposed to oil plume. Since the large portion of alkane in the Macondo oil, the measurement of
oil degradation is based on the loss of various alkanes. The addition of dispersant can
extensively enhance the microbial respiration and growth rate in all conditions, which was
consistent with metatranscriptomic results on the elevated transcription activity in the plume.

Initially, the application of dispersant caused a lot of concern about its long-term influence(86),
since the presence of dispersant components was detected by several studies at the same depth
after the injection was terminated (87). Three principle components were identified in Corexit
EC9500A, which was 50% hydrocarbons, 40% glycols and around 10% of dactyl sodium
sulfosuccinate (DOSS). The DOSS used has a surfactant in it. The same in-lab microcosm study
showed that the microbial community can utilize the hydrocarbon fraction in a short time, but the
degradation on glycols and DOSS was much slower. In the treatment with dispersant only, they
observed increased cell biomass and CO2 accumulation and the loss of the hydrocarbons from
dispersant. These results predominantly revealed the direct correlation with the microbial
metabolism and dispersant utilization, which was considered as a clear evidence of the
biodegradable feature of dispersant. However, a rapid biodegradation in glycols was detected in
the sediments close to the Macondo wellhead (88). Additionally, the formation of large flocs
was documented in treatments with oil and oil plus dispersant at later time phases during the
incubation. The analysis of these flocs showed that they were mainly composed of the degraded
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hydrocarbons and macro-particles from bacteria cells, including extracellular proteins and
polymeric compounds. Two major bacterial groups were found in the microbial communities
associating with flocs, Colwellia accounted for about 70%, and Methylococcaceae accounted for
approximately 16%.

Another microcosm study was set up with the comparison between surface water and water from
1240 m at their ambient temperatures (25°C and 5°C), which were both amended with oil and
dispersant (89). However, the dispersant concentration was as low as 4 ppm, much lower than
the earlier study, and they did not use fresh water. Their results showed a very efficient
degradation of DOSS after 8 to 14 days, and more than 99% of it was degraded at 25°C. In the
low-temperature treatments, the degradation took much longer, more than 28 days. In the
treatments with dispersant only, most of the DOSS (98%) was degraded after 42 days at 25°C,
whereas it was only 61% in the microcosms incubated at 5°C. It was also revealed that the
microcosms with higher incubation temperature showed more rapid alkane degradation rate than
the lower temperature. The application of dispersant led to a comprehensible acceleration on the
degradation rate at 25°C, but about 7% of the alkanes can still be detected after 42 days
incubation in both treatments with and without dispersant.
Surprisingly, the degradation of aromatic hydrocarbons showed a different pattern compared to
alkanes. Usually, there is a clear succession of hydrocarbon biodegradation: volatile organic
carbon is degraded first, then alkanes and then semivolatile organic compounds and lastly
PAHs(90). The biodegradation on PAHs was detected after 42 days at 25°C, regardless the
presence of the dispersant, but it was faster after 14 days at lower incubation temperature with
dispersant. The distinct degradation patterns on alkanes and PAHs at low temperature were
considered as a result of the different solubility and physical property of them(89). These studies
suggested that the application of dispersant did not produce inhibition in oil biodegradation in the
Gulf of Mexico, and it can undoubtedly accelerate the degradation process on a broad range of
hydrocarbons.
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Research objective
Due to the hazardous contamination from GOM oil spill in 2010 and the great potential of the
crude oil production potential in Eastern Mediterranean sea (E.Med) and Great Australian Bight
(GAB), it is necessary to have more detailed information for potential deep marine oil spill in
those areas. The natural oil attenuation potential and possible bioremediation methods are in
great need to clean up the potential crude oil contamination in deep ocean. The fate of oil
contamination in the deep ocean is a serious knowledge gap that has been neglected for a long
time.

Before DWH occurred, nobody knew what was going to happen when oil contamination present
in deep ocean. Most studies had focused on oil degradation at the ocean surface. The ocean
bottoms were known to have a lower abundance of oil degrading bacteria compared to the
surface and less favorable environmental conditions for biodegradation such as low temperature,
low oxygen and unfavorable nutrient level. Surprisingly, research has found that the microbial
community still showed fast response to oil contamination and high oil degrading capacity. The
enrichment of oil degrading was also observed after the blow out.

During DWH, without predictive information to understand the fate of the oil, a controversial
bioremediation method of deep water dispersant injection was used as means to disperse oil into
smaller droplets for degradation. It was the first time dispersant was used as deep injection.
Conflicting reports to this argued about its efficacy, its safety and any long lasting detrimental
effects.

Some questions that arise is if the oil biodegradation can happen in other deep oceans, is it
effected by different microbial communities and more unfavorable environments, is it facilitated
by the dispersant, is there other alternative methods to remediate the contamination without
going to the controversial dispersant. Therefore, E.MeD and Gab can be a place to study these
questions of what will happen when the next oil spill occurs. This dissertation aims to answer
the questions on how the microbial communities respond to the crude oil contamination, and if
the release crude oil can be utilized by the communities in deep E.Med and GAB. In addition, we
would like to find out other possible ways could be applied for oil bioremediation in those
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locations. The investigations presented in this dissertation have been completed with the
following hypotheses (Figure 7):


Hypothesis 1: Microbial communities in E.Med and GAB will quickly adapt to crude oil.
The oil contamination will cause an enrichment of oil degrading bacteria and oil
utilization genes.



Hypothesis 2: Microbial communities from E.Med and GAB can utilize carbon from
crude oil quickly.



Hypothesis 3: Chemical dispersant and other nutrient amendments could be utilized as
potential bioremediation methods.
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Appendix: Tables and Figures for Chapter 1

Figure 1. Environmental condition influence oil biodegradation, after Hazen et. al. (2).
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Figure 2 Alkane degradation pathways, after Xue et al. (13).
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Figure 3. Aromatic compound biodegradation pathway, after Xue et al. (13).

Figure 4. Polyaromatic hydrocarbon compound biodegradation pathway, after Xue et al. (13).
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Figure 5. Fate of released crude oil during GOM oil spill, after Hazen et. al. (2).
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Figure 6. Enriched microbes in oil plume over time, after Dubinsky et. al. (78).
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Figure 7. The research outline for this study.
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CHAPTER 2: RAPID RESPONSE OF EASTERN MIDITERRANEAN DEEP SEA
MICROIBAL COMMUNITIES TO OIL
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Hypotheses


Microbial communities in E.Med will quickly adapt to crude oil. The oil contamination
will cause an enrichment of oil degrading bacteria and oil utilization genes in several
days.



Deep E.Med microbial community response to oil contamination differs according to
depths.

Abstract
Deep marine oil spills like the Deepwater Horizon oil spill in the Gulf of Mexico have
the potential to drastically impact marine systems. As a result, the risk of crude oil
contamination in marine system remains a concern of governments all over the world, especially
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for countries around the Mediterranean Sea with off shore oil production potential. However,
very limited information is available on microbial response to oil contamination and oil
biodegradation potential in deep oceans. The goal of this study was to investigate the response
of indigenous microbial communities to crude oil in the deep Eastern Mediterranean water
column to minimize ‘bottle effects’, the shifts in microbial community structure from sample
storage. 16S rRNA amplicon sequencing was combined with GeoChip metagenomic analysis to
monitor the microbial community changes to the crude oil and dispersant in on-ship microcosms
set up immediately after water collection. After 3 days of incubation at 14ºC, the microbial
communities from two different water depths: 824 m and 1210 m became dominated by wellknown oil degrading bacteria, e.g. Oceanospirillales, Alteromonadaceae, and Alcanivoraceae.
At the same time, the archaeal population and the overall microbial community diversity
drastically decreased. This trend can be further stimulated by the application of dispersant.
Similarly, GeoChip metagenomic analysis revealed a significant enrichment of genes related to
oil biodegradation, especially in the water from the 824 m microcosms, which was consistent
with the results from the Deepwater Horizon oil spill. Altogether, these results highlight a rapid
microbial adaption to oil contamination in the deep Eastern Mediterranean, and indicate strong
oil biodegradation potential and the impact of dispersant on the oil-degrading microbial
community.

Keywords
Oil degradation, Eastern Mediterranean Sea, microbial community, dispersant, GeoChip

Abbreviations
E. Med: Eastern Mediterranean Sea
GOM: Gulf of Mexic

Introduction
Offshore oil and gas prospecting and production continue to grow due to increasing demand
worldwide. This in turn has increased the probability of oil spills in the oceans (1). Crude oil
can be a serious contaminant in the marine environment (3). Prior to the Deepwater Horizon
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(DWH) oil spill of 2010 in the Gulf of Mexico (GOM), few studies investigated the impact of oil
contamination in the deep ocean. During the DWH oil spill, oil was catastrophically released
into the deep ocean underscoring the need to advance our understanding of oil biodegradation at
both the ocean surface and in the bottom depths of the deep ocean (2).

Since the American Petroleum Institute began to subsidize oil biodegradation research in 1942,
more than 175 genera of microorganisms have been found with the capacity to utilize
components from crude oil, making oil bioremediation a viable response strategy for oil spills
(2). The environmental conditions of a marine habitat are known to impact both the identity of
the oil degraders present as well as the rates of oil degradation. The physical and chemical
properties of different locations in the oceans can vary greatly (6) (91). Therefore, the
application of bioremediation methods must consider local conditions, the native microbial
community, and how it varies from other well-characterized systems (16).

Large oil and gas reserves have recently been discovered in the Eastern Mediterranean (E. Med.).
The E. Med is a unique environment, in which the water column has high salinity and warm deep
water temperatures (92). It is also known for very low nutrient concentrations compared to other
deep ocean basins (93). As a result of these characteristics, the microbial community in the E.
Med may be distinct from other settings. For example, the E. Med deep water microbial
community may have a high abundance of mesophilic microbes (91).

During the DWH oil spill, different oil degrading bacteria were enriched at various stages within
the deep water oil plume (63). Oceanospirillales dominated the microbial community in the
early stages of the spill. Subsequently, Colwellia spp. as well as Cycloclasticus spp. became
dominant in the water column. Many genes related to oil utilization were enriched immediately
after the spill (82).
Also during the DWH oil spill, approximately 2.1×106 gallons of dispersant (Correxit 9500) was
injected into the deep ocean for the first time to increase the hydrocarbon availability for deep
marine oil degrading bacteria. In-lab studies show that dispersant can increase the
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biodegradation rate of crude oil (89). The availability of oil, nutrients, dispersant and other
environmental factors are responsible for the succession of microbial communities (94).

Because the E. Med. is very different from the GOM, it is extremely important to investigate the
microbial response to crude oil in the water column, especially in the deep water. Our study
aims to unveil the influence of crude oil and dispersant on the deep water microbial community
in E. Med with limited storage effect on the microbial community. We employed a microcosmbased approach combined with 16S rRNA gene sequencing and GeoChip metagenomics analysis
to characterize the phylogenetic and functional changes in the microbial community in response
to crude oil contamination and dispersant amendment at two depths. 16S rRNA gene sequencing
can provide very accurate relative abundance and taxonomy information regarding the microbial
community composition. GeoChip microarray measures functional genes and thus the functional
potential of environmental microbial communities with quite high sensitivity and in-depth details
especially as it relates to oil and hydrocarbons (82).

As a novel aspect of this study, the microcosm experiments were set up on board the ship
immediately after the collection of seawater. Performing on ship microcosms avoided long
storage and shipping times, during which the microbial community structure can change
drastically due to storage effects (95). Without storage effects, the findings of this microcosm
study can be considered more representative of the natural in situ microbial community’s
response to oil.

Material and Methods
Site Description and Sampling
Deep ocean water samples were collected in October 2012 from the Eastern Mediterranean Sea.
The sampling was carried out during BP’s West Nile Delta oceanographic survey aboard the MV
Fugro Navigator. Water was collected from two depths at one station (Latitude: 31.8058°and
Longitude: 29.5683°) using Niskin bottles. Water was collected from 824 m and 1210 m depths.
Multiple environmental variables such as pH, temperature, and salinity were analyzed in situ
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with the Valeport Midas+ CTD. Geochemical parameters with microbial community analysis is
described in detail by Techtmann et al (91).

Analog crude oil (Norne Blend) was provided by BP. The API gravity of the crude oil was 29.6°.
The dispersant used in this study, COREXIT 9500 (Nalco, Sugar Land, TX), is the identical
dispersant used during the DWH spill in 2010.

Experimental Set-up
Immediately after sampling, on-ship microcosms were set up aerobically with 2 L seawater each.
The incubation was carried out at 15°C in the dark. Three different treatments were set up:
‘control’ (seawater), ‘oil’ (seawater and 10 ppm of oil), and ‘oil+ COREXIT’ (seawater, 10 ppm
of oil, and 0.167 ppm of COREXIT 9500). Destructive sampling was performed at 0, 12, 24,
and 72 h. The sample was filtered through a 0.22 µm filter and stored at -20°C until shipped to
the lab for extraction.

Genomic DNA extraction and PCR amplification
The genomic DNA was extracted using the modified Miller’s method (64) and then cleaned
using the Genomic DNA clean and Concentrator Kit (Zymo Research, Irvine CA). DNA quality
was analyzed by NanoDrop (Thermo Scientific Waltham, MA) using ratios of 260/280 and
260/230. DNA concentration was determined by Picogreen (Life Technologies, Carlsbad CA).
Then, universal primers 515f and barcoded 806r and Phusion DNA polymerase (Thermo
Scientific Waltham, MA) were used for the PCR reaction to target the V4 region of the 16S
rRNA gene. An additional 12-bp barcode index was included in the reverse primer to multiplex
different samples for sequencing analysis (105).

16S rRNA gene amplicon sequencing and data analysis
16S rRNA gene libraries and sequencing was performed on the Illumina MiSeq following the
method described in Caporaso et al.(105). To briefly summarize, the 16S PCR products were
pooled together. The quality and sequence size was determined by Bioanalyzer (Agilent, Santa
Clara CA). Another purification process was occasionally needed before dilution. Quantitative32

PCR was used to obtain the final accurate concentration of the pooled amplicon libraries. The
finalized libraries were sequenced by Illumina MiSeq platform with a V2 kit (Illumina, San
Diego CA).

The resulting sequences were analyzed by the QIIME 1.8 pipeline (106). The paired-end raw
DNA sequences were assembled with the fastq-join script, demultiplexed and removed of any
chimeras. Reads with phred score less than 20 were removed. The open reference clustering
method was used to cluster the sequences into operational taxonomic units of 97% similarity.
Sequences were aligned by PyNAST and assigned with Greengenes taxonomy using the database
released in May 2013 (107). Any operational taxonomic unit (109) with less than 0.005% of the
total abundance was removed to avoid the influence of spurious OTUs in later analysis. The
statistical analyses of alpha diversity, beta diversity and differentially abundant taxa were carried
out using Phyloseq in R (110) and Calypso (111) (hierarchical clustering and T-test).

GeoChip hybridization and data preprocessing
16S rRNA gene libraries and sequencing was performed on the Illumina MiSeq following the
method described in Caporaso et al.(105). To briefly summarize, the 16S PCR products were
pooled together. The quality and sequence size was determined by Bioanalyzer (Agilent, Santa
Clara CA). Another purification process was occasionally needed before dilution. QuantitativePCR was used to obtain the final accurate concentration of the pooled amplicon libraries. The
finalized libraries were sequenced by Illumina MiSeq platform with a V2 kit (Illumina, San
Diego CA).

The resulting sequences were analyzed by the QIIME 1.8 pipeline (106). The paired-end raw
DNA sequences were assembled with the fastq-join script, demultiplexed and removed of any
chimeras. Reads with phred score less than 20 were removed. The open reference clustering
method was used to cluster the sequences into operational taxonomic units of 97% similarity.
Sequences were aligned by PyNAST and assigned with Greengenes taxonomy using the database
released in May 2013 (108). Any operational taxonomic unit (109) with less than 0.005% of the
total abundance was removed to avoid the influence of spurious OTUs in later analysis. The
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statistical analyses of alpha diversity, beta diversity and differentially abundant taxa were carried
out using Phyloseq in R (110) and Calypso (111) (hierarchical clustering and T-test).

Results and Discussion
Environmental features of the sampling site
During the BP E.Med microbial survey cruise aboard the MV Fugro Navigator, seawater was
collected at 834 and 1218 m deep, which are three-quarters and full depth at the sampling
location respectively (Fig. 8 and Table1). The temperature, pH, and salinity of the samples were
similar, but the dissolved oxygen was slightly higher at 1210 m. The E.Med salinity of 38.8
practical salinity units (PSU) is slightly higher than average ocean salinity (98). The temperature
at depth was 13.7°C, which is much higher than other deep oceans such as the GOM (64), which
are typically less than 4°C.

Sequencing quality and microbial community structure
The 16S rRNA amplicon sequencing generated a total of 2,437,232 reads from 23 samples that
were 250 base pairs long. The average number of sequences from each sample was 105,966.
One sample, the 1210 m control at timepoint 1, did not produce enough sequencing reads and
was excluded from all analysis.

The relative abundance of well-known oil degrading bacteria increased within the oil-amended
microcosms. At the initial timepoint, Proteobacteria and Verrucomicrobia, were the most
dominant phyla in the microbial communities from both depths (Fig. 9 A and S1A).
Gammaproteobacteria of the phylum Proteobacteria is a taxa with many well-known oil
degrading species (2) and was the one of the most abundant classes (Fig. 9 B and S1B). In the
oil-amended microcosms from the 1210 m-depth community, the bacterial population consisting
mainly of Gammaproteobacteria, which made up almost 90% of the total community after 72 h.
In the 824 m-depth community, the Proteobacteria increased to 60% of the community in the
oil-amended microcosms but increased to 95% in the oil with dispersant microcosms.
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While the oil-degrading bacteria increased in relative abundance, the archaeal population
decreased at both depths in the presence of oil. This decrease was observed in oil microcosms
both with and without dispersant, especially after 72 h of incubation. Initially, the archaeal
population constituted a large portion of the microbial community; Euryarchaeota and
Crenarchaeaota accounted for more than 55% at 824 m and 40% at 1210 m. (Despite
Crenarchaeaota being recently renamed Thaumarchaeota, we will use the classification and
nomenclature of the Greengenes database version 13.5 in this paper where Crenarchaeaota is a
phylum.) Crenarchaeaota alone accounted for more than 40% at the depth of 824 m and 25% at
1210 m. At the class level of taxonomy, Thaumarchaeota of the phylum Crenarchaeaota was
the most abundant class and accounted for more than 15% at 1210 m and 40% at 824 m (Fig. 9
B). After the final time points, the abundance of archaea consisting mainly of Crenarchaeaota,
which comprised only about 10% of the control treatment. In the oil-amended treatments with
and without dispersant after 72 h, the abundance of archaea decreased to below 2%, and
Proteobacteria dominated the entire community. Archaea groups decreased at different rates
during the incubation (Fig S1C and D). The class Thermoplasmata of the phylum
Euryarchaeota disappeared faster than the class Thaumarchaeota of the phylum Crenarchaeota.

The addition of dispersant increased the relative abundance of oil-degrading bacteria even more
than oil alone, but decreased the relative abundance of archaea. The Gammaproteobacteria
increased to higher levels in the oil plus dispersant conditions compared to the oil alone. The
difference is very minor in the 1210 m but more dramatic in the 824 m samples. The
Gammaproteobacteria increased by more than 20% in the oil with dispersant microcosms
compared to the oil only microcosm.

To determine the dominant OTUs across different treatments and time, we identified the overlap
and distribution of the 75 most abundant OTUs in all samples (Fig. 10 A and B). The majority
of the OTUs, 58 of the total 75, were found in all treatments. The oil with dispersant microcosm
had the highest number of distinct OTUs; 8 distinct OTUs were present in oil with dispersant.
Likewise, the majority of the OTUs, 40 of the total 75, were present at all time points. For the
most part, all of the timepoints had common OTUs except for the last timepoint at 72 h, which
had 9 distinct OTUs.
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16S alpha diversity
Alpha diversity metrics of species richness and evenness—Observed Species, Chao1, Shannon,
and phylogenetic diversity-- were determined for each treatment and timepoint (Fig. 11 A, B,
S2A and S2B). As a general trend, the diversity declined dramatically over the course of the
incubation. The decrease in diversity was seen in all treatments, even in the control microcosms.
The control microcosms lost nearly half of their species richness after 72 h. The Chao1 and
Shannon index, which considers both richness and evenness, also changed over time for the
control microcosms. Of the three treatments, the application of oil and dispersant typically led to
the lowest alpha diversity at both depths. On average, the diversity of the oil and dispersant
community was less than half of its initial value.

16S beta diversity
Beta diversity analysis was used to determine the impact of treatments on the overall microbial
community composition in all microcosms and the relationship among individual samples (Fig.
12). Principal Coordinate Analysis (PCoA) using a weighted UniFrac distance revealed that both
incubation time and the amendment of oil and dispersant can greatly influence the microbial
community (Fig. 12A and S3A). Despite some variance in the time 0 samples at each depth and
some outliers observed after 12 h, most communities in the early time phases (0, 12, and 24 h)
were grouped very closely, indicating high similarity (Fig. 12B). After 72 h, more variance was
found between control and other treatments, especially the treatment with oil and dispersant.
The PCoA analysis performed on the bacterial and archaea communities also depicted a similar
trend to what was observed in the whole microbial community (S3B and C).

Microbial Community Structure Changes in Response to Oil and Dispersant based on 16S rRNA
gene amplicon sequencing
To complement the beta diversity analysis, hierarchical clustering of the samples’ microbial
communities at the family taxonomic level provided more detailed information about significant
population shifts (Fig 13 A). The samples clustered into two main groups based on the top 29
taxonomic families in the dataset. After 72 h, all of the deeper 1210 m microcosms and the
shallower 824 m oil with dispersant microcosms grouped into one cluster (S1). Other samples
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were grouped into two sub-clusters based on depth (S2.1 and S2.2.A/B), indicating distinct
abundance profiles of dominant taxa between most of the shallow and deep samples.

Treatments with oil did not cluster closely together. Even after 72 h, microcosms amended with
both oil and dispersant did not cluster together with the microcosms amended with just oil. The
large differences between the two treatments are due to the amendment of dispersant. After 72 h,
the oil microcosm from the 824 m depth was more similar to its respective unamended control
than the oil with dispersant microcosm.

The dominant families can be grouped into different clusters according to their abundance in
each sample. The abundance of the Cenarchaeaceae family had a very distinct distribution
pattern among microcosms compared to other families. It was fairly high in the earlier microbial
communities (S2), but very low in S1 cluster consisting of just 72 h samples. Similar to
Cenarchaeaceae, families included in the cluster F2.A also had higher abundance in the sample
group of S2.1 and S2.2 than S1. The F2.A cluster abundance was lower in S2.2.A than in S2.1
and S2.2.B

Both Oceanospirillaceae and Alteromonadaceae had a larger population in the later timepoint
samples of cluster S1 than the earlier timepoints of S2. These families contain known oildegrading species, which were found in high abundance in the GOM after the DWH oil spill (65)
(86). Within the cluster of S1, treatments with dispersant in particular showed a higher
abundance of Oceanospirillaceae. These two taxonomic families also had a modest presence in
the 72 h control and oil only microcosm of S2.2A. The oil with dispersant sample incubated for
only 24 h did not have a high abundance of Oceanospirillaceae and Alteromonadaceae,
indicating the importance of time for these taxa to respond.

The relative abundance of Alcanivoracaceae, another oil-degrading species that was prevalent in
the GOM after DWH (65) (86) (89), was very high in the microcosms in the cluster of S2.2A, but
much lower in cluster S1. At the depth of 1210 m, the addition of oil and dispersant can both
lead to the enrichment of Oceanospirillaceae after a 3 day-incubation with the decline of
Methylococcaceae. However, at 824 m microcosms, oil amendment can cause an increase in the
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population of Alcanivoracaceae, and extra dispersant could drive the community with a higher
abundance of Oceanospirillaceae.

Dominant taxonomic families in the oil-amended microcosms both with and without dispersant
were statistically compared at 12 and 72 h using analysis of variance statistical analysis
(ANOVA) (Fig. 13 B and C). Two Gammaproteobacteria families known for oil-degradation,
Oceanospirillaceae and Alteromonadaceae, were statistically higher (p-value < 0.05) after 72 h
of incubation. Both taxa increased nearly 10-fold from the first to last timepoint. The population
of many families including Cenarchaeaceae, Thiohalorhabdaceae, Marine group II and Marine
group III showed a significant decrease between microbial communities after 72 h. The
Cenarchaeaceae decreased the most to about half of its initial abundance.

Microbial functional composition
The GeoChip 5 detected a substantial number of genes related to organic compound
bioremediation such as genes encoding for degradative enzymes for polycyclic aromatics and
other hydrocarbons, BTEX and other diverse organic compounds. Non-metric multidimensional
scaling (NMDS) analysis with Bray-Curtis dissimilarity was used to assess the differences in
bioremediation related genes between samples (Fig 14 A). The stress value for the NMDS was
0.09043914, suggesting the ordination is reasonably accurate. Two samples were omitted from
the ordination due to extraordinarily high dissimilarity, the 12 h control and 24 h oil with
dispersant microcosms at 1210 m.

The addition of oil led to large differences in the microbial community functional structure,
particularly in the 824 m samples. The bioremediation genes of the controls and oil-amended
microcosms (both with and without dispersant) were significantly different based on an adonis
test using the vegan package in R (p-value < 0.05). The addition of oil caused a larger difference
in bioremediation gene abundance within the shallower 824 m samples (Fig. 14 A and B).

The majority of the differences in bioremediation genes were only observed after 72 h (Fig. 14 C
and D). The 95% confidence ellipses show that the variance between samples of earlier
timepoints were much less than the last timepoint. In other words, the samples from 0, 12 and 24
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h have relatively few differences. After the final timepoint 72 h of incubation in the 1210 m
microcosms, the oil microcosm was more similar to the earlier timepoints than the control and oil
with dispersant microcosms. In contrast, we observed very little difference among 824 m
microcosms except for the oil and dispersant treatment.

Core functional organic bioremediation gene analysis
To identify the most differentially abundant functional genes, the 50 most abundant genes were
clustered using hierarchical clustering (Fig. 15 A). All samples were clustered into two major
groups (S1 and S2), while the 50 genes were clustered in two groups (G1 and G2) with 2 notable
sub-groups (G1.A, G1.B). Two samples, the 1210 m 12 h control and 24 h “oil + dispersant”
microcosms, had extremely low total abundances, which strongly suggests that they were outliers
and would be difficult to compare them to other samples.

Samples in S2 usually had a higher abundance of gene cluster G1.A and G1.B. Of all the
samples, the 72 h 824 m community with oil and dispersant microcosm had the highest relative
abundance of multiple bioremediation genes in G1.A and G1.B. G1.A includes many aromatic
and hydrocarbon degradation genes like alkb, nitroreductase_1, pcag, poba, nag, catechol, tlda,
and arylest.
To determine oil’s influence on the abundance of organic bioremediation related genes (total
about 130 genes), we used a T-test to compare the 12 to 72 h oil amended microcosms, including
both treatments with and without dispersant at these two timepoints. Among the 130 genes
analyzed, 4 were statistically different (p-value less than 0.05): tdnb, hdno, ebdA, and Dyp gene
families (Fig. 15 B). All were significantly higher at the 72 h microcosms. Dyp and hdno
families were up to 40% higher at 72 h than at 12 h samples. Three of four genes, tdnb, hdno
and ebdA, are involved in the biodegradation of various aromatic compounds such as
heterocyclic aromatic compounds, benzene, toluene, ethylbenzene and xylene (BTEX). The Dyp
gene can primarily help the microbial biodegradation on halogenated compounds.

The abundance of several other aromatic and aliphatic hydrocarbon degradation was also
significantly different between the oil-amended microcosms of different depths. 46 genes were
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significantly higher in the shallower microcosms than the deeper ones (Fig. 15 C). The most
abundant genes like catechol, tfda, and nitroreductase, were up to 50% higher in the 824 m than
in the 1210 m microcosms. All three gene families are related to various aromatic hydrocarbon
biodegradation. Other significantly different gene families such as alkb are involved in
hydrocarbon biodegradation. The 824 m microbial community has a better adaption with more
genes enriched for hydrocarbon biodegradation than the 1210 m.

Discussion
The goal of this study was to characterize the response of a deep ocean microbial communities to
crude oil and chemical dispersants using 16S rRNA amplicon sequencing and GeoChip
metagenomics. In this study, the microbial communities from the Eastern Mediterranean Deep
Water at 824 m and 1210 m exhibited a similar response to oil contamination. Both seawater
samples became enriched with oil-degrading species after 72 h. The amendment of dispersant
increased the relative abundance of oil-degrading species, thus showing the selection of
dispersant for oil degrading bacteria and its potential benefit for oil biodegradation (86). The
rapid bloom of oil-degrading species from the indigenous microbial community has important
implications for a robust oil biodegradation potential. These microbes may aid oil
bioremediation in the E. Med if a marine oil spill should ever occur.

The most enriched bacterial taxa within oil microcosms were from Oceanospirillaceae family in
the class of Gammaproteobacteria. Since Oceanospirillaceae were also dominant species after
the DWH oil spill (64), it seems to be a highly ubiquitous oil-degrading species capable of
degrading oil under very different environmental conditions. This is one of the first studies of
similar oil degrading bacterial groups proliferating in a deep water basin other than then GOM
immediately after oil contamination.

The archaeal population decreased in all the treatments, especially in the presence of oil and
dispersant after 72 h. A similar decrease in archaea was also observed in the GOM after the
DWH oil spill in both field samples collected from the open ocean and within laboratory
microcosm experiments (89). The drastic accelerated decrease in archaeal populations at both
sites strongly suggest that the bacteria have a competitive advantage over archaea for crude oil
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and dispersant, despite some archaea also having the capacity to utilize compounds from oil
(112).

In addition to changing the phylogenetic composition of the microbial community, oil
amendment can also increase the abundance of many important genes involved in degradation of
aromatics and aliphatics hydrocarbons. After the DWH oil spill in the GOM, many genes related
to aromatics and aliphatic biodegradation were also enriched in the microbial communities from
both surface and deep water column, meanwhile strong biodegradation was detected on those
compounds(92).

The application of dispersant can strongly stimulate oil degrading bacteria and deplete archaea at
both depths after 3 days, especially in the 824 m microbial communities. The abundance of
Gammaproteobacteria was much higher when dispersant was added into the 824 m samples.
The addition of dispersant can significantly decrease the community diversity leading to a
simplified community. Although there are some conflicting reports about the effect of dispersant
on microbial communities (104), our results show that dispersant addition could increase the
relative abundance of oil degraders in E. Med. In addition, many important genes related to
organic remediation were enriched in the 824 m 72 h microcosm when dispersant was added,
suggesting a greater oil degradation potential. Our results are consistent with studies carried out
in the GOM where dispersant can increase the oil biodegrading population and its applicability in
E. Med (93).

Despite only slight differences in the geochemical features, the microbial communities at two
depths showed differential response to crude oil and the application of dispersant, especially in
microbial functional structure. The 824 m and 1210 m microbial communities had similar
phylogenetic composition with a fairly high abundance of well-known oil degraders such as
Oceanospirillaceae, Alteromonadaceae and Alcanivoraceae after 72 h. However, the 824 m
communities had a much higher abundance of genes for organic bioremediation than 1210 m,
indicating a better oil biodegradation potential. This is the first time different functional gene
compositions have been found between different depths of deep seawater column. Previous
studies have only compared oil degradation capacity at a much broader scale of resolution
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between surface and deep water (93). Because of the differences between two depths that are
only 200 meters apart, future work in deep water oil degradation should study various depths of
deep marine water rather than just one depth.
Another finding from our study was the bottle effects on the microbial community structure over
time. In our control group, we observed drastic community changes after 3 days of incubation.
Similar bottle effects have been reported (113), but there is very limited information on exactly
how bottle effect can affect 16S rRNA community composition and functional gene structure,
and how fast these change can occur. Our study suggests that storage times longer than 72 h can
tremendously change microbial phylogenetic and functional community structure, causing the
microcosms to be unrepresentative of the natural community, and therefore lead to bias and
inaccurate results (104).

In the future, more quantitative analysis should be used to characterize the microbial activity
such as the carbon utilization rate, the cell abundance before and after introduction of oil and the
microbial respiration over a longer incubation time. Some of these analyses were unfeasible on
board the ship for this study. It would also be beneficial in future experiments to more
thoroughly investigate the influence of dispersant alone on the microbial community. Also,
because of the low nutrient levels in E. Med (114), it would be worthwhile to determine if extra
nutrients in addition to oil would stimulate more oil degrading bacteria. This could be very
practical and meaningful in the event of an oil spill when bioremediation became necessary.
Multiple lines of evidence will be helpful for more accurate results.

Conclusion
The goal of this study was to characterize the response of a deep ocean microbial communities to
crude oil and chemical dispersants using 16S rRNA amplicon sequencing and GeoChip
metagenomics. In this study, the microbial communities from the Eastern Mediterranean Deep
Water at 824 m and 1210 m exhibited a similar response to oil contamination. Both seawater
samples became enriched with oil-degrading species after 72 h. The amendment of dispersant
increased the relative abundance of oil-degrading species, thus showing the selection of
dispersant for oil degrading bacteria and its potential benefit for oil biodegradation (86) (65).
The rapid bloom of oil-degrading species from the indigenous microbial community has
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important implications for a robust oil biodegradation potential. These microbes may aid oil
bioremediation in the E. Med if a marine oil spill should ever occur.

The most enriched bacterial taxa within oil microcosms were from Oceanospirillaceae family in
the class of Gammaproteobacteria. Since Oceanospirillaceae were also dominant species after
the DWH oil spill (64), it seems to be a highly ubiquitous oil-degrading species capable of
degrading oil under very different environmental conditions. This is one of the first studies of
similar oil degrading bacterial groups proliferating in a deep water basin other than then GOM
immediately after oil contamination.

The archaeal population decreased in all the treatments, especially in the presence of oil and
dispersant after 72 h. A similar decrease in archaea was also observed in the GOM after the
DWH oil spill in both field samples collected from the open ocean and within laboratory
microcosm experiments (89). The drastic accelerated decrease in archaeal populations at both
sites strongly suggest that the bacteria have a competitive advantage over archaea for crude oil
and dispersant, despite some archaea also having the capacity to utilize compounds from oil
(112).

In addition to changing the phylogenetic composition of the microbial community, oil
amendment can also increase the abundance of many important genes involved in degradation of
aromatics and aliphatics hydrocarbons. After the DWH oil spill in the GOM, many genes related
to aromatics and aliphatic biodegradation were also enriched in the microbial communities from
both surface and deep water column, meanwhile strong biodegradation was detected on those
compounds(92).

The application of dispersant can strongly stimulate oil degrading bacteria and deplete archaea at
both depths after 3 days, especially in the 824 m microbial communities. The abundance of
Gammaproteobacteria was much higher when dispersant was added into the 824 m samples.
The addition of dispersant can significantly decrease the community diversity leading to a
simplified community. Although there are some conflicting reports about the effect of dispersant
on microbial communities (104), our results show that dispersant addition could increase the
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relative abundance of oil degraders in E. Med. In addition, many important genes related to
organic remediation were enriched in the 824 m 72 h microcosm when dispersant was added,
suggesting a greater oil degradation potential. Our results are consistent with studies carried out
in the GOM where dispersant can increase the oil biodegrading population and its applicability in
E. Med (93).

Despite only slight differences in the geochemical features, the microbial communities at two
depths showed differential response to crude oil and the application of dispersant, especially in
microbial functional structure. The 824 m and 1210 m microbial communities had similar
phylogenetic composition with a fairly high abundance of well-known oil degraders such as
Oceanospirillaceae, Alteromonadaceae and Alcanivoraceae after 72 h. However, the 824 m
communities had a much higher abundance of genes for organic bioremediation than 1210 m,
indicating a better oil biodegradation potential. This is the first time different functional gene
compositions have been found between different depths of deep seawater column. Previous
studies have only compared oil degradation capacity at a much broader scale of resolution
between surface and deep water (93). Because of the differences between two depths that are
only 200 meters apart, future work in deep water oil degradation should study various depths of
deep marine water rather than just one depth.

Another finding from our study was the bottle effects on the microbial community structure over
time. In our control group, we observed drastic community changes after 3 days of incubation.
Similar bottle effects have been reported (113), but there is very limited information on exactly
how bottle effect can affect 16S rRNA community composition and functional gene structure,
and how fast these change can occur. Our study suggests that storage times longer than 72 h can
tremendously change microbial phylogenetic and functional community structure, causing the
microcosms to be unrepresentative of the natural community, and therefore lead to bias and
inaccurate results (104).

In the future, more quantitative analysis should be used to characterize the microbial activity
such as the carbon utilization rate, the cell abundance before and after introduction of oil and the
microbial respiration over a longer incubation time. Some of these analyses were unfeasible on
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board the ship for this study. It would also be beneficial in future experiments to more
thoroughly investigate the influence of dispersant alone on the microbial community. Also,
because of the low nutrient levels in E. Med (114), it would be worthwhile to determine if extra
nutrients in addition to oil would stimulate more oil degrading bacteria. This could be very
practical and meaningful in the event of an oil spill when bioremediation became necessary.
Multiple lines of evidence will be helpful for more accurate results.
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Appendix: Figures and Tables for Chapter 2

Table 1. Sampling site physical and geochemical parameters.
The samples were taken from the same site at different depths of the water column in 2012. Temperature, salinity, dissolved oxygen,
pH and turbidity were measured using a CTD.

Latitude

Longitude

Depth (m)

Turbidity

Temperature

Dissolved Oxygen

Pressure

Salinity

(FTU)

(°C)

(% Sat)

(db)

(psu)

pH

Sample 1

31.8058

29.5683

824

1.313

13.772

69.348

824.441

38.828

8.192

Sample 2

31.8058

29.5683

1210

1.313

13.788

65.432

1218.386

38.826

8.179

46

Figure 8. Map of the Sampling Site within Eastern Mediterranean Sea.
Map was created with ArcGIS. The samples were collected in the Nile Fan off the coast of Egypt.

47

Microbial Community Structure in Phylum Level

Microbial Community Structure in Class Level
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Figure 9. Taxa Plots of the Microbial community.
A) Total Microbial Community at the Phylum Level, B) Total Microbial Community at the Class level. Plots show the relative
abundance of the 16S rRNA sequencing gene amplicon sequencing OTUs summarized at the phylum and class level for the total
microbial community. The samples are labeled with their treatment, timepoint and depth. The treatments are labeled C for control, O
for oil-amendment, OC for oil with dispersant. The timepoints are 0 for initial, 1 for 12 h, 2 for 24 h and 3 for 72 h. The two depths
are labeled D for the deeper 1210 m sample and S for the shallower 824 m sample. One sample, the 1st timepoint of the 1210 m
control was excluded due to low sequencing depth. Only OTUs greater than 0.005% of the total abundance were included in the plots.
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A

B

Figure 10. Venn diagrams of shared dominant OTUs between samples.
A) Shared OTUs between microcosm treatments, B) Shared OTUs between timepoints. The top 75 most abundant OTUs were
included in the Venn diagram analysis. Values within the non-overlapping regions of the ellipses indicate the number of unique OTUs
in that particular color-coded sample type. Values in the overlapping regions indicate the number of shared OTUs between sample
types. An abbreviated label of “Con” was used for the control microcosms and “O+C” was for the oil with dispersant treated
microcosms.
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A

B

Figure 11. Alpha diversity.
A) Shannon diversity, Alpha diversity metrics were calculated from the 16S rRNA gene amplicon sequencing results using the R
package, vegan. B) Phylogenetic diversity. Phylogenetic diversity was calculated using Qiime. The phylogenetic diversity results are
grouped by the timepoint and depth. Points represent the control, oil and oil with dispersant microcosms for the given timepoint and
depth. Boxplot and line summarizes information about the range, distribution, and average phylogenetic diversity.
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B

Figure 12. Beta Diversity.
A) Principal Coordinate Analysis (PCoA) of 16S rRNA gene sequencing results using weighted UniFrac distance grouped by
treatment, the confidence ellipses represent the 95% confidence interval for each treatment. B) PCoA results grouped by timepoint.
The confidence ellipses represent the 95% confidence interval for each treatment.
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Figure 13. Distribution of the most abundant 29 taxonomic families.
A) Heatmap and hierarchical clustering. Microcosms were grouped into 4 groups by
hierarchical clustering of the top 29 family abundances. The families also clustered into several
groupings; F2.A and F2.B encompassed nearly all taxa. The groupings are based on taxa cooccurrence in the samples. As shown in the color legend, red indicates high abundance while
blue can indicate low abundance or absence. B) Significantly different taxa in oil/oil with
dispersant microcosms between 12 hour and 72 hour timepoints at the Family level
differences. Taxa from all oil-amended microcosms from both depths were compared at
timepoint 1 (12 h) and timepoint 3 (72 h) using a t-test. 4 different microcosms were included in
the analysis: 824 m oil, 824 m oil with dispersant, 1210 m oil, 1210 m oil with dispersant. Only
significantly different taxa with p-values less than 0.05 are shown where * indicates p<0.05, **
indicates p<0.01, and *** indicates p<0.001. Total relative abundance of the taxa of the
microcosms at both timepoints is plotted. First timepoint of 12 hour is plotted in dark blue,
while the other timepoint of 72 h is plotted in light blue. Error bars represent standard error.
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A
Figure 13 Distribution of the most abundant 29 taxonomic families continued.
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B
Figure 13 Distribution of the most abundant 29 taxonomic families continued.
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A

B

C

D

Figure 14. Non-metric Dimensional Scaling (NMDS) plot of GeoChip 5.0 functional genes related to organic bioremediation.
A) 824 m samples with vs. without oil. B) 1210 m samples with vs. without oil. C) 824 m samples at the first 3 timepoints vs.
final timepoint. D) 1210 m samples at the first 3 timepoints vs. final timepoint. The GeoChip is able to detect 130 organic
bioremediation gene families. The abundances of the genes were compared between samples using NMDS. In Figure 7A and 7B, the
color of the point indicates the treatment: red for control, turquoise for all oil-amended microcosms. Oil-amended microcosms include
both “oil” and “oil with dispersant” microcosms. In Figure 7C and 7D, purple represents samples from the earlier timepoints of
timepoint 0, 12h and 24h. Brown represents samples from the final timepoint at 72 h. In all plots, the shape of the point indicates the
timepoint: circle for initial, triangle for 12 h, square for 24 h, and cross for 72 h. The ellipses are 95% confidence intervals
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Figure 15. The distribution of functional genes.
A) Heatmap and hierarchical clustering of the 50 most abundant bioremediation genes.
Microcosms were grouped into 2 groups by hierarchical clustering of the top 50 genes. Samples
were segregated mainly by their depth. The genes also clustered into two main groupings of G1
and G2 based on their co-occurrence in the microcosms. As shown in the color legend, red
indicates high abundance while blue can indicate low abundance or absence. B) Differentially
abundant genes between in oil-amended microcosms after 12 h and 72 h of incubation. All
microcosms amended with oil, including microcosms with and without the dispersant were
compared at timepoint 1(12 h) and timepoint 3 (72 h). Of the organic bioremediation genes
compared using a t-test, 4 were significantly different at an alpha of 0.05 (statistical significance
is indicated by the *). The dark blue bars indicate the total relative abundance at 72 h, and the
light blue bars indicate the abundance 12 h. C) Differentially abundant genes between in oilamended microcosms between 824 m and 1210 m. All microcosms amended with oil,
including microcosms with and without the dispersant were compared between the two depths of
824 m and 1210 m. Of the organic bioremediation genes compared using a t-test, 46 were
significantly different at an alpha of 0.05 (statistical significance is indicated by the *). The dark
blue bars indicate the abundance at 824 m, and the light blue bars indicate the abundance 1210 m.
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Figure 15. The distribution of functional genes continued.
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Figure 15. The distribution of functional genes continued.
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C
Figure 15. The distribution of functional genes continued.
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Appendix: Supplementary Information for Chapter 2

Figure S 1. Taxa Plots of the Microbial community.
A) Bacterial Microbial Community at the Phylum Level, B) Bacterial Microbial
Community at the Class level, C) Archaeal Microbial Community at the Phylum, D)
Archaeal Microbial Community at the Class level. Plots show the relative abundance of the
16S rRNA sequencing gene amplicon sequencing OTUs summarized at the phylum and class
level for the bacteria and archaea separately. The samples are labeled with their treatment,
timepoint and depth. The treatments are labeled C for control, O for oil-amendment, OC for oil
with dispersant. The timepoints are 0 for initial, 1 for 12 h, 2 for 24 h and 3 for 72 h. The two
depths are labeled D for the deeper 1210 m sample and S for the shallower 824 m sample. One
sample, the 1st timepoint of the 1210 m control was excluded due to low sequencing depth. Only
OTUs greater than 0.005% of the total abundance were included in the plots.
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Figure S 1. Taxa Plots of the Microbial community continued.
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Bacteria Community Structure in Class Level
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Figure S 1. Taxa Plots of the Microbial community continued.
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Archaea Community Structure in Phylum Level
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Figure S 1. Taxa Plots of the Microbial community continued.
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Archaea Community Structure in Class Level
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Figure S 1. Taxa Plots of the Microbial community continued.
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A

B

Figure S 2 Alpha diversity.
A) Observed number of species, B) Chao1 diversity, Alpha diversity metrics were calculated from the 16S rRNA gene amplicon
sequencing results using the R package, vegan.
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A

B

C
Figure S 3. Beta Diversity.
A) Principal Coordinate Analysis (PCoA) of 16S rRNA gene sequencing results using weighted UniFrac distance, B) Bacterial
PCoA using weighted UniFrac, Only bacterial OTUs were included in this PCoA analysis. C) Archaeal PCoA using weighted
UniFrac. Only archaeal OTUs were included in this PCoA analysis.
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Figure S 4. Significantly different taxa in oil/oil with dispersant microcosms between 12 h and 72 h timepoints at the Class level
differences.
Taxa from all oil-amended microcosms from both depths were compared at timepoint 1 (12 h) and timepoint 3 (72 h) using a t-test. 4
different microcosms were included in the analysis: 824 m oil, 824 m oil with dispersant, 1210 m oil, 1210 m oil with dispersant.
Only significantly different taxa with p-values less than 0.05 are shown where * indicates p<0.05, ** indicates p<0.01, and ***
indicates p<0.001. Total relative abundance of the taxa of the microcosms at both timepoints is plotted. First timepoint of 12 h is
plotted in dark blue, while the other timepoint of 72 h is plotted in light blue. Error bars represent standard error.
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CHAPTER 3: CONTRASTING MICROBIAL CARBON UTILIZATION AND COMMUNITY
CHAGNES TO CRUDE OIL IN DEEP SEA BASINS: EASTERN MEDITERRANEAN AND
GREAT AUSTRILIAN BIGHT
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Hypotheses


Microbial communities in E.Med and GOM will quickly adapt to crude oil. The oil
contamination will cause an enrichment of oil degrading bacteria.



Application of dispersant and iron will be beneficial for organic carbon utilization and the
enrichment of oil degrading species at both E.Med and GAB.

Abstract
Background and aim: The Deepwater Horizon oil spill in the Gulf of Mexico (GOM) in 2010
attracted international attention to the risk of oil contamination and the application of dispersant
for oil bioremediation in deep-sea environments, especially as the number of offshore drilling
platforms continues to increase worldwide. However, little is known about the oil attenuation
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potential in the deep sea. It has been shown that environmental factors, such as the levels of
nutrients and temperature play an important role in oil biodegradation, but these factors vary
according to different locations. In order to elucidate the relationship among nutrient conditions,
microbial communities and the potential for oil degradation, we analyzed deep-sea water
samples from the Eastern Mediterranean (E.Med) sea and the Great Australian Bight (GAB)
where oil drilling leases have been acquired by oil companies.

Methods: Enrichments were carried out aerobically using five different conditions: oil, oil+
COREXIT, COREXIT, oil+ FeCl2 and oil+ FeCl2 + COREXIT. Serum bottles were connected
with a Micro-OxyMax respirometer to detect CO2 level every two hours. Bottles were sacrificed
for the analysis of the microbial community at three sampling points-- day 0, 5, and 17 -- and
then sequenced by 16S rRNA gene amplicon sequencing with the Illumina MiSeq sequencer.

Results: Microbial activity, as determined by carbon dioxide production and cell counts, was
significantly higher with oil. CO2 accumulation within E.Med and GAB water with oil was
much higher than the control of seawater alone. COREXIT in the presence of oil improved
carbon dioxide production. FeCl2 amendments in E.Med water led to higher CO2 accumulation.
FeCl2 amendment in GAB water led to even higher CO2 accumulation, suggesting iron is a
limiting nutrient for mineralization in the GAB but not in E.Med. The respiration data of E.Med
and GAB was much lower as compared to GOM, indicating lower oil mineralization potential.
Cell counts increased in oil microcosms, and further increased when dispersant was also added.

TOC concentration decreased over the incubation, while FI 370 index went up with time in the
microcosms with crude oil. Four major DOM components were determined after PARAFAC
modeling. DOM composition of the microcosms with oil changed over the course of the
incubation. Dispersant led to a larger decrease in total organic carbon. Dissolved organic matter
composition changed after application of dispersant.

The microbial diversity as determined by the 16S rRNA gene amplicon sequencing decreased in
all treatments over time. The addition of oil accelerated the decrease of microbial diversity. The
abundance of archaea decreased dramatically while the population of Gammaproteobacteria
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(potential oil degraders) increased during the incubation. Crenarchaeota, the major phylum of
archaea at both sites, disappeared within two weeks of incubation. The relative abundance of
Oceanospirillales increased in the oil treatments during the first several days, but decreased
during the final stages. The changes in microbial community structures reflected the
concentrations of critical limiting nutrients and the ability of microbial communities to degrade
oil in each environment.

Keywords
Oil degradation, Eastern Mediterranean Sea, Great Australian Bight, microbial community,
dispersant

Abbreviations
E. Med: Eastern Mediterranean Sea
GAB: Great Australian Bight
GOM: Gulf of Mexico

Introduction
With the increasing demand for crude oil globally, more offshore drilling is occurring in many of
the world’s deep oceans (1). According to earlier studies, the Eastern Mediterranean Sea (E.Med)
and Great Australian Bight (GAB) are oil enriched areas with high crude oil production potential
(115). These sites are at risk of having an oil spill incident due to the growth of offshore drilling
activities. As seen during the Deepwater Horizon (DWH) oil spill in 2010 in the Gulf of Mexico
(GOM), oil spills from offshore drilling can release a tremendous amount of crude oil into the
ocean. Released crude oil can harm marine life and ecosystem (3).

Bioremediation of oil by bacteria is the most environmental friendly means of dealing with oil
contamination without toxic by-products (2). However, it is unclear how many oil-degrading
microbes are active in the deepest depths of the ocean. The DWH oil spill revealed how little
scientists know about oil biodegradation in the deep ocean as most research has focused on oil
slicks at the surface(64). Based on their distinct microbial community structures(66), the
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different depths have different responses in the presence of oil contamination(65). The deep
ocean microbial community possesses a very high abundance of archaea(66), which is very
different from the surface community with a great population of cyanobacteria(3). Many studies
showed the enrichment of a lot of known oil degrading bacteria and decline of archaea
population (64). In the bacterial community, there was clear succession of different bacteria
populations blooming in the water column. Oceanospirillales dominated the initial stages of the
spill, while Colwellia spp. and Cycloclasticus spp. dominated later timepoints (78).

Since environmental conditions influence oil degradation activity, different deep sea
environments likely have different capacities to degrade oil (16) (2). However, it is difficult to
predict rates of oil degradation. The observed microbial community changes during DWH may
be specific to the GOM. Studies have yet to compare oil degrading microbial communities
between different deep sea basins(2). E.Med, GAB, and GOM may have distinct microbial
communities because of their different environmental conditions. Both the E.Med and GAB
have significantly lower nutrient levels than the GOM(116). Also, E.Med is warmer at the
seafloor and higher in salinity than GAB and GOM. It is unclear if the deep water microbial
community in E. Med and GAB would respond as well as the GOM to released oil, especially
since E.Med and GAB have less nutrients(64).

We hypothesize that the availability of iron could be a limiting nutrient for bacteria to utilize the
carbon from a potential marine oil spill in the GAB and E.Med waters. Iron is important for oil
degradation because it serves as cofactors for various microbial aromatics and aliphatics
degrading enzymes (64).

Of the multiple remediation methods used during the DWH oil spill, chemical dispersant was
one of the most controversial because it was the first time dispersant was injected in mass
quantities into the deep ocean (117). More than four million gallons of dispersant, a surfactant
that can increase the surface to volume ratio of oil droplets, was applied during the DWH oil spill.
Despite contradictory reports of dispersant are impact, most studies showed higher oil
biodegradation capacity in response to dispersant. Baelum et al. revealed that the amendment of
dispersant can increase oil mineralization and biodegradation rate by the microbial community
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(89). Campo also showed that the application of dispersant can stimulate oil biodegradation in
both surface and deep microbial communities (93). The application of dispersant creates smaller
oil droplets, which increases biodegradation efficiency (93). Since there is a dramatic difference
on various deep oceans such as the GOM, E.Med, and GAB, the application of bioremediation
should be based on their local conditions and indigenous microbial communities.
In this study, we aim to uncover the E.Med and GAB microbial communities’ response to crude
oil contaminants and the impact of dispersant on microbial carbon utilization of oil. We
performed in lab-microcosm experiments at the E.Med and GAB’s in situ temperatures.
PARAFRAC modeling of dissolved organic matter (DOM) fluorescence results can indicate
robust DOM utilization from microbial activity and provide insight into different carbon
utilization due to dispersant and extra iron (119). 16S rRNA gene amplicon sequencing can
show the succession of microbial communities in the presence of oil and dispersant. These
experiments can give us a better understanding of the deep microbial community’s adaptations to
crude oil contamination and dispersant application in various deep basins.

Material and methods
Water Sampling
Deep ocean water from E.Med and GAB were collected near the sea floor by a BP
oceanographic survey in October 2012 and Jun 2013, respectively, E.Med water was sampled
from 1090m. GAB water was sampled from 1900m. Both were 20m above the sea floor.
Various environmental variables were detected by the Valeport Midas+ CTD while sampling.
After collection, water samples were stored and shipped to University of Tennessee in bottles
protected from light (98).

BP provided the crude oil for this study. The dispersant used in this study, COREXIT 9500, is
identical to the one used in DWH.
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Experimental set-up
Six different treatments were set up in 100ml volumes in 125 ml serum bottles: oil, oil +
dispersant, oil + FeCl2, oil + dispersant + FeCl2, dispersant only, and control (Figure 16).
Microcosms were incubated aerobically in the dark at their respective in situ temperaturesE.Med at 14C and GAB at 2C. The tested concentration of crude oil was 100 ppm, 60 ppm for
dispersant, and 0.1 mM for FeCl2. “Control” treatments consisted of 100 ml of uncontaminated
sea water. Bottles were sealed with Teflon stoppers and connected to a Micro-oxymax
respirometer (Columbus Instruments, Ohio, USA), which detected CO2 production every 2 hours.
Produced CO2 was corrected by multiplying by 2.3, a correction factor determined by Baelum et
al (89). Destructive sampling occurred at three timepoints: 0, 5, and 17 days. Each treatment
had duplicates (n=2) at each timepoint.

Cell counts
Cell counts were determined by Acridine Orange Direct Cell Counts (AODC) (98). Water
samples for AODC were stored at 4C with 4% formaldehyde before staining and counting using
a Zeiss Axioskop epifluorescence microscope (Carl Zeiss, Inc., Germany).

Total Organic Carbon (TOC) and UV Vis analysis
TOC was determined with a Shimadzu TOC-V total organic carbon analyzer (Shimadzu, Japan)
using the combustion method. Water samples were acidified to pH 2 or lower with HCl before
analysis. Calibration was done using fresh TOC standard solutions before all analysis (120)
(121).

UV-Vis absorption for 0.22 µm filtered water samples was measured by a SHIMADZU UV1800 UV-Vis spectrophotometer (Shimadzu, Japan). Detection ranged from 190 to 670 nm in 2
nm increments. Sample values were corrected by water blank subtraction(119).
Dissolved organic matter (DOM) and PARAFRAC analysis

Collected water samples were filtered through 0. 22 µm filter and stored at - 20 °C until
processed. Water sample fluorescence signatures were measured using a FluoroMax-3
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spectrofluorometer (Horiba scientific, Edison, New Jersey). Excitation wavelengths were 220 to
500 nm in 5 nm increments. Emission scans ranged from 240 to 540 nm in 3 nm intervals. The
resulting excitation-emission matrix (EEM) provided quantitative and qualitative information of
the DOM components. Milli-Q water was used as a blank and subtracted from the EEM of
samples. Manufacturer correction factors were then used to correct the instrument detector
response. Daily corrections of fluorescence intensity were performed based on the water Raman
peak (119).

All corrected fluorescence results were used in the PARAFRAC model implemented in
MATLAB. One sample was identified as an outlier in a non-negative outlier test and removed
from the dataset. Split-half validation and random initialization analysis determined that a fourcomponent EEM-PARAFRAC model fit the data best (119).

DNA extraction
DNA from seawater was extracted following the Miller method. DNA was cleaned and
concentrated with Zymo Genomic DNA Clean and Concentrator Kit (Zymo Research, Irvine
CA). DNA quality was determined by NanoDrop (Thermo Scientific Waltham, MA) ratios of
260/280 and 260/230. DNA concentration was analyzed by Picogreen (Life Technologies,
Carlsbad CA).

16S rRNA sequencing and data analysis
16S rRNA library preparation and sequencing was performed using the method in Caporaso et al
(105). We amplified the V4 region of 16S rRNA gene with Phusion DNA polymerase (Thermo
Scientific Waltham, MA) and universal primers 515f and 806r. Reverse primers contained a12bp barcode sequence to multiplex different samples. PCR products were pooled and analyzed by
Bioanalyzer (Agilent, Santa Clara CA). Final concentration of the pooled amplicon DNA library
was determined by qPCR. The library was sequenced on an Illumina Miseq with a V2 kit
(Illumina, San Diego CA).
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16S rRNA sequencing results were analyzed by the QIIME 1.8 pipeline (106). Paired-end DNA
reads were assembled using the fastq-join script. Sequences were then demultiplexed, filtered to
remove chimeras, and grouped into operational taxonomic units (OTUs) of 97% similarity using
the open reference clustering method. Representative reads were aligned by PyNAST and
assigned taxonomy using the May 2013 release of the Greengenes database (108) (107). OTUs
were removed from downstream analysis if their abundance was lower than 0.005% of the total
abundance (109). Phylogenetic and statistical analysis were done in Phyloseq and Vegan
packages of R (122).

Results and Discussion
Geochemical features and nutrient level comparison
During the BP microbial survey cruises at different marine deep basins, deep ocean waters were
collected from 1200 m at E.Med and 1900 m at GAB, which were the full depth at these
sampling sites (Figure 17). Among all of the geochemical parameters detected (Table 2), iron,
temperature and salinity were the most different between basins. The concentration of iron in
E.Med and GAB was less than 7 ug/L, which is much lower then the concentration of iron in
GOM. The deep E.Med water also had unusually high temperature of 14 °C. GAB and GOM
deep waters were much colder and range from 2°C to 4 °C. Salinity levels in the E.Med were
also about 10% higher than GAB and GOM.

Cell counts
Cell counts increased in response to oil, dispersant and iron during the incubation (Figure
18, 19). Crude oil increased cell abundance in microcosms from both test sites. The addition of
dispersant significantly increased cell abundance in microcosms with oil, especially in E.Med
microcosms. Microcosms with both dispersant and oil had higher cell counts than microcosms
amended only with oil. (T-test, P value: 0.0048) (Figure 20).

The amendment of iron further increased the cell counts, but a smaller increase than dispersant
alone. The additions of iron into the microcosms with oil and dispersant have had different
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effects on E.Med and GAB. In E.Med microcosm, the amendment of iron failed to stimulate the
cell growth, but it triggered a bacterial cell growth in GAB microcosm.

When comparing all three basins of E.Med, GAB, and GOM, all showed similar cell growth with
oil and dispersant amendment (Figure 21). Similar to the impact of dispersant on E.Med and
GAB microbial community, extra oil in the sea water can significantly increase the cell growth in
all three locations (t-test, P value: 0.036). Adding iron to oil increased cell counts in all three
basins.

Microbial oil mineralization
The addition of oil, dispersant, and iron led to more CO2 accumulation compared to unamended
control in microcosms from both basins (Figure 22, 23, 24). The E.Med and GAB communities
had statistically different microbial mineralization with oil (t-test, P value: 0.0347). More CO2
was produced from GAB than E.Med microcosms. Dispersant microcosms produced more CO2
than oil microcosms without dispersant. The E.Med and GAB “oil + dispersant” microcosms
had much more CO2 production compared to those with just oil. The addition of iron to oilamended microcosms led to higher CO2 accumulation. The difference in carbon dioxide
production was significant based on a t-test (P value: 0.0446) (Figure 25). Iron amendments can
produce more mineralization of oil than dispersant and oil alone. E.Med and GAB produced less
CO2 than the GOM (Figure 24). In the GOM microcosms, the addition of oil and dispersant led
to high accumulation of CO2. However, the amendment of iron in GOM was not as beneficial as
it was in E.Med and GAB.

Total Organic Carbon (TOC) analysis
During the incubation, the microbial carbon utilization rate was analyzed by the TOC analysis.
The deep water microbial communities from both sites showed high carbon utilization capacity
of the organic carbon from crude oil (Figure 26, 27). More than two thirds of the extra carbon
from oil was utilized by the indigenous communities without the help of iron and dispersant.
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Application of dispersant can stimulate the microbial utilization capacity. More organic carbon
was degraded during the incubation in the presence of dispersant. The carbon utilized by the
community almost doubled after the application of dispersant at both sites. However, the
introduction of extra iron can only produce very limited stimulation compared to dispersant
amendment. Compared to E.Med and GAB, more hydrocarbons were degraded in the GOM
microbial communities during the incubation (Figure 28). The amendment of dispersant
produced similar stimulation in biodegradation, while the addition of iron was not as beneficial
to the microbial community as E.Med and GAB.

Dissolved organic matter (DOM) analysis
FI254, a marker for high molecular weight terrestrial organics, was statistically higher when
dispersant was added than without dispersant (t-test, p-value: 0.0005), which meant more
compounds were present in the water (Figure 29, 30, 31). This result suggested that the
application of dispersant can lead to more oil dissolved in the sea water.

Similarly, FI 310, a marker for biologically derived organics, was significantly higher than in
dispersant microcosms than those without dispersant (t-test, P value: 0.0009) (Figure 32). Since
the FI 310 represents compounds from microbial activity, this result suggested higher microbial
activity when dispersant applied. Together, the FI 254 and FI310 revealed a higher availability
and microbial activity after dispersant application.

In addition, the FI 254 value was significantly higher in GAB samples than E.Med samples,
implying more oil was dissolved in GAB microcosms. The P value was less than 0.001.
Similarly, the FI 370 from GAB samples was significantly higher than E.Med (P value < 0.001),
suggesting higher microbial activity detected in GAB samples (Figure 33).

PARAFAC modeling based on the fluorescence EEM and DOM analysis results showed four
major fluorescent DOM components of all of the microcosms from both E.Med and GAB, and
their specific excitation and emission maximum are listed in (Table 3). The first component (C1)
had a maximum fluorescence intensity of Ex/Em 225/270 nm, and is probably the daughter
products after terrestrial organic matter degradation. The second component (C2) showed a
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maximum peak at Ex/Em 240/272, which is most similar to naphthalene related compounds from
crude oil. Third, component 3 had a maximum peak at Ex/Em 225/336 nm, representing for
molecular weight organic matter from oil. The fourth component (C4) had Ex/Em maximum at
270/324 nm and appeared to be amino acid related compounds (Figure 34).

In the comparison of two basins, it is clear that component 1 had higher relative abundance in
GAB samples than E.Med (Figure 35). The relative abundance of component 2 and 3 was higher
in the pool of total dissolved organic matter.

The NMDS analysis of the DOM components from E.Med and GAB showed distinct groupings
(Figure 36). In E.Med, the “oil” treatment DOM composition structure was more similar to “oil
+ FeCl2” treatment, while the “control” was more similar to “dispersant” microcosms. The
majority of “oil” treatment samples were similar to the “oil+ samples” treatment. However,
microcosms from GAB had more variance in each treatment compared to E.Med. Although
there was still a high similarity between “control” and “Corexit” treatment, samples from the
other four treatments failed to closely cluster with treatments like E.Med. T he large variance
among samples at different timepoints was found in the treatments of “oil” and ”oil+ FeCl2”.

To determine the influence of dispersant on the composition of DOM at both sites, we performed
NMDS on all of the microcosms with crude oil (stress value: 0.0646). The result suggested that
the DOM composition of the “oil” and ”oil+iron” are very different to samples with oil and
dispersant (Figure 37). Only a small overlap was observed on their 0.95 confidence distribution
area. However, less influence was found from iron amendment on changing DOM composition
in the samples with oil iron addition. We compared all of the microcosms with oil and iron to
those without iron using the same NMDS analysis with a stress value 0.0646 (Figure 38). The
distribution of samples without iron had great overlap to those with iron, which strongly
suggested the amendment of iron failed to cause remarkable changes to community structures.

The same analysis was also applied to study the utilization of DOM from oil and both oil and
dispersant over time (Figure 39). In the NMDS test with all “oil” and “oil+iron” microcosms,
incubation time caused a lot of changes on the DOM composition, implying the biodegradation

79

of the carbon compounds. The stress value for the analysis is 0.048, which meant robustness for
the analysis.

Samples with dispersant amendment revealed a fairly different structure in DOM composition
than those just with oil. In the NMDS analysis with “oil+dispersant” and ”oil+dispersant+iron”
treatments depicted more difference in the DOM composition during the incubation (Figure 40).
After 5 days incubation, the DOM in the water was quite different than the beginning. Later,
more changes were found at 17 days incubation.

16S rRNA microbial community
The microbial community structure showed the general trend of the microbial community
changes during the incubation. The abundance of archaea and Actinobacteria decreased with
time, while the abundance of Proteobacteria increased (Figure 41). At day 0 and 5, the
abundance of archaea was higher at GAB than E.Med. In some GAB samples it accounted more
than 20%. However, its abundance was below 5% in all microcosms after 17 days. Similarly,
the population of Actinobacteria and Bacteroidetes had remarkable decrease during the
incubation.

At the class level of microbial community structure, there was a similar trend but with more
details (Figure 42). The population of Gammaproteobacteria was the major group in bacteria.
In GAB samples, the abundance of Gammaproteobacteria increased with incubation. In E.Med
microcosms, there was also a dramatic decrease in the population of Thaumarchaeota.

Within the class of Gammaproteobacteria, the relative abundance of Oceanospirillaceae became
the dominant group in 5 days (Figure 43). After that its population decreased, and the abundance
of Alcanivoracaceae and Alteromonadaceae increased. The changes of the relative abundance in
bacterial groups revealed a clear succession during the incubation, which strongly suggested the
succession of oil degrading bacteria over time.
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Alpha diversity
In most treatments, both basins showed similar trends of Shannon diversity overtime (Figure 44).
In “Corexit”, “oil + Corexit” and “oil+Corexit+Fe” treatments, the Shannon diversity at 17 days
was higher than 5 days. However, the diversity was different between the basins for the “oil”
treatment; the Shannon diversity increased from 5 days to 17 days, but decreased in GAB.

In order to reveal the changes of Shannon diversity among different treatments, we combined
“control” and “Dispersant” as treatment A, “oil” and “oil+Fe” as treatment B, and
“oil+Dispersant” and “oil+Dispersant+Fe” as treatment C (Figure 45). The results showed that
in the treatment with dispersant and oil, the Shannon diversity decreased after 5 days incubation.
However, the diversity of treatment C showed a dramatic decline after 17 days. Together, these
results show that the application of dispersant can lead to a faster enrichment of oil degrading
microbes than microcosms with oil only.

Beta diversity
Then, we performed NMDS analysis of the taxonomic OTUs using the weighted unifrac method.
The stress value was 0.12. The microbial communities were different between basins, even after
incubation (Figure 46). Although different treatments and time can both impact the microbes, it
was shown that the initial microbial community composition had a different changing trend at
different sites.

In addition, incubation time can influence the microbial composition and the similarity among
samples. Samples from both sites can be well grouped by different incubation times (Figure 47).
Also, we found that there was higher similarity between 5 and 17day microbial communities of
the microcosms with dispersant in GAB than E.Med.

Conclusion
In conclusion, both E.Med and GAB microbial communities showed a very strong response to
crude oil contamination. The amendment of oil increased the cell growth and CO2 production.
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The microbial carbon utilization analysis showed that much of the carbon from oil was utilized
by the microbes after 17 days of incubation. Dissolved organic matter composition changed
during the incubation, strongly suggesting that many of the oil components were utilized by the
microbes.

Both dispersant and iron were beneficial for cell growth, microbial mineralization of oil, and
carbon utilization at both sites. The higher FI 254 marker in the microcosms with dispersant
showed that more oil related compounds were detected in samples with oil and dispersant,
especially in GAB. The higher FI 370 in the samples with dispersant suggested more microbial
activity related products. Between dispersant and iron, dispersant had a greater effect on
microbial oil degradation.

The abundance of oil degrading bacteria increased in the microcosms with crude oil. The
application of dispersant can speed up the microbial succession in both sites, which was
consistent with the changes of DOM composition in seawater.

In this study, we observed high rates of cell growth and mineralization. However, more
experiments need to be done to prove that the produced CO2 was from crude oil biodegradation.
More specific organic carbon analysis methods, such as GC-FID, should characterize the
individual oil components and daughter products. If done quantitatively, we will be able to
estimate the oil’s half life.
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Appendix: Tables and Figures for Chapter 3

Figure 16. Experimental Design.
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Table 2. Deep basin physical and geochemical parameters.
The samples were taken from the Eastern Mediterranean and Great Australian Bight where temperature, salinity, dissolved oxygen,
pH and turbidity were measured using a CTD. Gulf of Mexico parameters were originally reported by Baelum et al.

E.Med

GAB

GOM

Nitrate (g/kg)

178.4

144.7

208

Phosphate (g/kg)

39.7

153.51

205

Ammonia (g/kg)

28.0

125

78

Iron (g/kg)

6.5

5.8

56

Sulfate (g/L)

4.7

1.6

N/A

Salinity (psu)

38.9

34.8

35

Deep water Temperature (C)

13.8

2.5

4.8

Deep water Dissolved Oxygen (%)

67.9

62

58.4
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A

B

Figure 17. Map of the Sampling Sites among BP leased areas.
Figure A is the map for the sample collection in E.Med. Figure B is the sampling map at Great Australian Bight.
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Figure 18. Cell counts in E.Med microcosms.
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Figure 19. Cell counts in GAB microcosms.
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Figure 20. T-test of cell count by Iron, Dispersant and Basin.
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Figure 21. Comparison of cell counts from 3 basins: E.Med, GAB, GOM.
The GOM cell counts data is from Baelum et al 2012.
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Figure 22. Carbon Dioxide Production in E.Med Microcosms.
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Figure 23. Carbon Dioxide Production in GAB Microcosms.
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Figure 24. Comparison of carbon dioxide production in 3 basins: E.Med, GAB and GOM.
GOM data from Baelum et al 2012.
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Figure 25. T-test of carbon dioxide production by Iron, Dispersant and Basin.
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Figure 26. Total Organic Carbon in E.Med Microcosms.
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Figure 27. Total Organic Carbon in GAB microcosms.
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Figure 28. Total Organic Carbon in GOM microcosms. (Adapted from Baelum et al 2012).
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Figure 29. Distribution of FI 254 before and after log-transformation.
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Figure 30. Distribution of FI 310 and 370 before and after log-transformation.
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Figure 31. T-test of FI 254 by Iron, Dispersant and Basin.
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Figure 32. T-test of FI 310 by Iron, Dispersant and Basin.
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Figure 33. T-test of FI 370 by Iron, Dispersant and Basin.
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Figure 34. Components 1-4 from PARAFRAC modeling of EEM.
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Table 3. Characterization of the four major fluorescent DOM components derived from PARAFAC modeling.
Excitation

Emission

(nm)

(nm)

C1

225

270

Terrestrial organic matter degradation products

C2

240

372

Oil-related, naphthalene like

C3

225

336

Crude oil-related

C4

270

324

Oil-related

Component

Description
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Figure 35. Components 1-4 in E.Med and GAB
The stacked bar chart showed the distribution of the four components in all of the samples with oil.
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Figure 36. NMDS-Bray ordination of components in E.Med and GAB microcosms.
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Figure 37. NMDS-Bray ordination of microcosms with and without dispersant.
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Figure 38. NMDS-Bray ordination of microcosms with and without dispersant.
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Figure 39. NMDS-Bray ordination of components in oil and oil+iron microcosms.

108

Figure 40. NMDS-Bray ordination of oil+dispersant and oil+dispersant+iron microcosms by timepoint.
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Figure 41. Bar plot of taxonomic phylum in samples by timepoint.
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Figure 42. Bar plot of taxonomic classes greater than 1% relative abundance by timepoint.
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Figure 43 Bar plot of taxonomic families within the class Gammaproteobacteria greater than 2% relative abundance.
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Figure 44. Alpha diversity metric, Shannon diversity, between treatments and basins.
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Figure 45. Alpha diversity metric, Shannon diversity, between treatments and timepoints.
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Figure 46. NMDS-weighted unifrac of OTUs from E.Med and GAB samples.
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Figure 47. NMDS-weighted unifrac of OTUs from different timepoint.
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CHAPTER 4: MICROBIAL CARBON UTILIZATION AND COMMUNITY CHAGNES TO
CRUDE OIL IN DEEP EASTERN MIDTERRANEAN SEA WITH PHOSPHATE
AMENDMENT
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Hypotheses


Phosphate and dispersant amendment can increase cell growth, oil mineralization and
organic carbon utilization capacity.



Functional gene composition in “oil” and “oil+Corexit” conditions will be similar
after 30-day incubation

Summary
Background and aim: Deep-sea oil contamination is a huge concern around the world. In 2010,
the Deepwater Horizon oil spill in the Gulf of Mexico (GOM), caused by a ruptured offshore
drilling platform, had detrimental effect to its marine ecosystem. Despite the environmental
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risks, the number of offshore drilling platforms in the Eastern Mediterranean Sea (E.Med)
continues to increase to meet global oil demand.

Many studies have shown that the microbial community played an important role in oil
remediation at the GOM. However, very limited information is available on oil degradation
potential and microbial community response to crude oil contamination in other areas. In
addition, many environmental factors, such as nutrient level, can drastically influence microbial
oil degradation; therefore, we carried out this study to investigate the oil biodegradation potential
and identify possible bioremediation methods of deep E. Med water. Since, the E.Med is known
to be significantly limited in phosphate, one of the hypotheses is that a phosphate amendment
will stimulate microbial activity and carbon utilization of oil.

Methods: In formulating this study, the first microcosms were set up aerobically in six different
conditions: seawater, seawater + oil, seawater + oil + dispersant (Corexit), seawater + dispersant,
seawater + oil + P and seawater + oil + dispersant + phosphate. Different treatments were set up
in 125ml serum bottles connected to a Micro-OxyMax respirometer, which can determine the
CO2 level every few hours. Microcosms were harvested at three sampling timepoints (day 0, 5
and 17) for the analysis of oil degradation and microbial community changes. Cell counts, total
organic carbon, dissolved organic matter (DOM) and 16S rRNA structure were analyzed. A
second set of microcosms were set up in the exact same conditions and incubated for a longer
period for GeoChip metagenomic analysis. The three sampling points for the second set of
microcosms were day 0, 5 and 30.

Results: Although there was an increase in CO2 evolution in all treatments over time, the
amendment with phosphate and dispersant led to the highest CO2 production. At the same time,
phosphate and dispersant greatly increased cell counts. In the treatment with phosphate and oil,
the cell abundance and microbial respiration was as high as the results from GOM. Phosphate
amendment caused more total organic carbon utilization and a higher relative abundance of
amino acids related compounds in the DOM. The application of dispersant caused more changes
in the DOM composition compared to treatments with oil.
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In addition, there was a clear parallel succession of microbial communities among different
treatments. The amendment with oil and dispersant changed the microbial composition in a way
where the microbial diversity decreased in all microcosms over time. An example can be seen in
the population of Proteobacteria, where it increased significantly, while the abundance of
archaea decreased particularly Oceanospirillaceae. The percentage of Oceanospirillaceae
initially rose in the beginning but decreased after 17 days to be superseded by classes such as the
Alteromonadaceae and the Colwelliaceae as the dominant groups.

In the microbial functional gene composition, many genes related to oil biodegradation were
enriched after oil and dispersant were introduced. However, the presence of dispersant led to the
lowest Shannon diversity in all treatments. While few changes were detected in the control
treatments, many changes were found in “oil” and “oil + dispersant” microcosms.

Keywords
Oil degradation, Eastern Mediterranean Sea, microbial community, dispersant,

Abbreviations
E. Med: Eastern Mediterranean Sea
GAB: Great Australian Bight
GOM: Gulf of Mexico

Introduction
The Eastern Mediterranean (E.Med) Sea, well known for its crude oil production potential, is a
prime prospect for offshore drilling to fuel the world’s need for crude oil. This can create a
potential problem for the Eastern Mediterranean Sea. Offshore drillings can cause events such as
the Deepwater Horizon (DWH) in 2010, which contaminated a large area of 180,000 km2 in the
northern Gulf of Mexico (GOM) (4). The freed crude oil in the deep oceanic waters introduced
significant problems to the marine ecosystem (13).
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Oil bioremediation is ideally one of the most economical and environmental friendly ways to
deal with oil contamination without toxic daughter products (16). Playing a major role in oil
bioremediation, more than 175 genera of microorganisms have been identified with the capacity
to utilize compounds from crude oil; however, very little is known about their crude oil
utilization potential when in the deep water column (2). In the deep sea water column, the
abundance of microorganisms is much lower than at the surface (66). The archaea that constitute
a large portion in the deep sea water microbial community may not be able to degrade crude oil
as efficiently as other oil degrading bacteria (3).

Since various environmental factors influence microbial oil biodegradation, it is difficult to
estimate oil degradation rates based on microbial community composition or geochemistry alone
(2). The microbial community succession and response to crude oil contamination in the GOM
may be different from other deep oceans (78). Few studies have investigated the oil degrading
potential and community in other deep oceans. The Eastern Mediterranean (E.Med) sea has very
distinct geochemical features, which likely provide for a very unique deep microbial community
(98). The bottom temperature and salinity are much higher than other deep basins like the GOM.
The nutrient levels, particularly phosphate, are very low in E.Med deep water compared to GOM.
Therefore, we hypothesize that microbial activity in deep E.Med is under nutrient limitation,
especially phosphate.

Among the various methods used on the DWH oil spill, the application of chemical dispersant
was one of the most controversial, since it was the first time to inject such an enormous amount
of dispersant into the deep ocean (4). More than 4 million gallons of dispersant was injected into
the deep GOM during the DWH oil spill (3)l. Dispersant is a surfactant that can increase the
surface to volume ratio of oil droplets. Although there are some reports showing dispersant’s
negative impact, most studies report a remarkable benefit of dispersant for oil biodegradation (89)
(123 {Adams, 2014 #2854). Some studies show that dispersant can increase microbial
abundance, mineralization and biodegradation of crude oil in deep sea water from GOM (89).
Campo et al also revealed that dispersant can stimulate biodegradation rate at both surface and
bottom ocean water at GOM (93). Other studies even show that dispersant can decrease the oil
droplets size and stimulate the biodegradation on crude oil (94). Because of the different
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environmental conditions at various deep basins, the application of dispersant should be based on
their environmental features and indigenous microbial communities.
In this study, we will determine the effect of dispersant and nutrient amendments on oil
bioremediation in the E.Med. We will assess microbial phylogenetic and functional gene
changes to crude oil and dispersant of lab microcosms using 16S rRNA gene amplicon
sequencing and GeoChip metagenomics. The microbial carbon utilization will be measured by
microbial mineralization, total organic carbon (TOC) and PARAFRAC modeling of dissolved
organic matter (DOM) (119). Together, these analyses can provide a better understanding of the
microbial community response to crude oil contamination and determine potential
bioremediation methods for the E.Med.

Material and methods
Water Sampling
Deep E.Med seawater was collected from near seafloor by British Petroleum (BP) oceanographic
surveyors in October 2012 (98). The samples were extracted 20 m above the bottom at 1210 m
depth. Valeport Midas+ CTD was used to detect environmental conditions while sampling. Then,
the deep sea water samples were shipped to Tennessee under dark conditions. Our crude oil was
also provided by BP. The dispersant used in this study was COREXIT 9500, identical to the one
used during DWH oil spill.

Experimental set-up
Two microcosm experiments were set up in 125 ml serum bottles (Figure 48). Experiment 1
included six different treatments: “oil”, “control”, “dispersant”, “oil + dispersant”, “oil +
phosphate” and “oil + dispersant + phosphate”. Experiment 2 only had three treatment: “oil”,
“control” and “oil + dispersant”, which was only for GeoChip metagenomic analysis. All of the
microcosms were aerobically incubated in the dark condition at 14C. We used 100 ml of sea
water to set up all microcosms. The amended concentration for crude oil was 100 ppm, 60 ppm
for dispersant and 0.1mM for phosphate. The control treatment was with sea water alone. All
bottles were sealed with Teflon stoppers and attached to a Micro-oxymax respirometer
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(Columbus Instruments, Ohio, USA), which can consistently monitor the CO2 production during
the incubation. The accumulated CO2 number was converted by multiplying the correction
factor (2.3), which was determined in earlier research (89). Then the destructive sampling was
carried out at day 0, 5 and 17 for experiment 1, while they were day 0., 7 and 30 in experiment 2.
All treatments had duplicates at each sampling time points.

Cell counts
Cell counts was carried out using Acridine Orange Direct Cell Counts (AODC) (64). Water
sample collected from microcosms were stored at 4C with 4% formaldehyde. A Zeiss
Axioskop epifluorescence microscope (Carl Zeiss, Inc., Germany) was used for cell counting.

Organic Carbon (TOC) and Dissolved Organic Matter (DOM) analysis
TOC analysis was carried out by using a Shimadzu TOC-V total organic carbon analyzer
(Shimadzu, Japan) with the high temperature combustion method (121). Before the analysis,
HCl was added into all water samples to make sure that their pH was lower than 2. The freshly
made TOC standard solutions were used to calibrate the equipment before the analysis.

Then we used a SHIMADZU UV-1800 UV-Vis spectrophotometer (Shimadzu, Japan) to
determine the UV-Vis absorption of the samples after 0.22 µm filtration (119). The detection
range was from 190 to 670 nm by 2 nm increments. All of the results were corrected by
subtracting the value of Milli-Q water blank.

All water samples for DOM excitation and emission (EEM) florescence analysis were stored at 20°C after 0.22 µm filtration (119). The fluorescence signatures of the water sample were
analyzed by a FluoroMax-3 spectrofluorometer (Horiba scientific, Edison, New Jersey). The
excitation scans ranged from 20 to 500 nm in 5 nm increments, while the emission wavelength
was from 240 to 540 nm in 3 nm intervals. Milli-Q water blank value was subtracted from the
resulted excitation- emission matrix (EEM). We then used manufacturer correction factors to
calibrate the detector response before the analysis and corrected the fluorescence intensity using
water Raman peak.
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After correction, all fluorescence results were analyzed through PARAFRAC model in
MATLAB. No outlier was identified after the non-negative outlier test. The results were then
tested by split-half validation and random initialization analysis. After that, a four-component
EEM-PARAFRAC model was shown with the best fit for our results (119).

DNA extraction
About 70 ml of water was subsampled in each enrichment of experiment 1 for 16S rRNA gene
sequencing (64). In experiment 2, all of the 100 ml water was used for DNA extraction. In both
experiments, samples from the same treatment were combined and filtered through 0.22 µm
filtered through 0.22 µm Sterivex filter (MilliPore, Billerica, USA). All filters were stored at 80°C freezer before DNA extraction. DNA was extracted according to the Miller method. Then
the resulted DNA was cleaned and concentrated using Zymo Genomic DNA Clean and
Concentrator Kit (Zymo Research, Irvine CA). NanoDrop (Thermo Scientific Waltham, MA)
was used to determine DNA quality by the ratios of 260/280 and 260/230. The concentration of
DNA was determined by Picogreen (Life Technologies, Carlsbad CA) (98).

16S rRNA sequencing and data analysis
16S rRNA library and sequencing was carried out according to the method in Caporaso et al
using Illumina Misq platform (105). Briefly, the V4 region of 16S rRNA gene was amplified
with Phusion DNA polymerase (Thermo Scientific Waltham, MA). We used the universal 515f
and 806r primers for the PCR reaction. The reverse primer had an additional 12-bp barcode
index to multiplex different samples for sequencing. Then the PCR products were combined
together and analyzed by Bioanalyzer (Agilent, Santa Clara CA).

The resulted reads were analyzed using QIIME 1.8 pipeline. Paired-end raw DNA reads were
assembled by fastq-join function (106). Then the resulted reads were demultiplexed and filtered
to remove chimeras. We used the open reference clustering method to group sequences into
operational taxonomic units (OTUs) with 97% similarity. Representative reads were aligned
using PyNAST and assigned according to May 2013 Greengenes database (107). Low
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abundance OTUs (less than 0.005%) were removed from downstream analysis. After that,
statistical analysis was carried out with Phyloseq and Vegan packages on R software (122).

GeoChip hybridization and data preprocessing
The DNA concentration from experiment 2 was determined by Nanodrop (Thermo Scientific,
Waltham, MA) and Picogreen (Life Technologies, Carlsbad CA). Then we carried out multiple
displacement amplification (MDA) and purification with the resulted products. After labeling
with Cy-5 fluorescent dye (GE Healthcare) with random primers, the resultant DNA was
hybridized with a GeoChip 5.0 microarray for 12 h using HS4800 Pro hybridization station
(Tecan US, Durham, NC). The microarray was then scanned by using a San Array Express
Microarray Scanner. The ImaGene 6.0 software (Biodiscovery Inc., EL Segundo, CA) was used
to detect the intensity on each probe (124) (86).

Then the resultant intensity was analyzed according to previous method. Briefly, there were two
steps after downloading the results from the website (http://ieg.ou.edu/microarray/): (1) Probes
with low signal to noise ratio (SNR) were removed from the results. The cutoff value for the
SNR was 2. (2) The signal intensity of each probe was then transformed into natural logarithmic
form. Then it was divided by the average intensity of all probes on the microarray. After that,
we carried out statistical analysis by using vegan package in R software.

Results and discussion
Cell counts
All tested amendments-- oil, dispersant, and phosphate-- stimulated cell growth (Figure 49). All
microcosms increased remarkably in cell abundance. The greatest cell growth was found in the
microcosm with all three amendments. The cell abundance of the “oil + dispersant + phosphate”
microcosm was more than 8 × 105 cells/ml after 17 days of incubation, which is 3 times higher
than the “oil + phosphate” microcosm. The addition of dispersant to oil improved growth
compared to the “oil” treatment. Although dispersant and phosphate both led to more cell
growth, phosphate stimulated more growth than dispersant. About a 50% increase was detected
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in “oil + phosphate” microcosms compared to “oil” microcosms. Together, the cell growth
results show that extra phosphate in E.Med deep water can dramatically help cell growth.

Microbial respiration
Microbial respiration results revealed strong mineralization of crude oil by E.Med microbiota.
After 17 days of incubation, the “oil” treatment had accumulated three times more CO2 than the
control (Figure 50). Dispersant and phosphate in the presence of oil further stimulated CO2
production. As with the cell counts, we observed a higher increase from phosphate amendment
than dispersant. The addition of dispersant to oil increased microbial respiration by 65%
compared to the “oil” treatment, while the addition of phosphate to oil increased microbial
respiration 550%. The “oil + phosphate” microcosms produce as much carbon dioxide as the
“oil + dispersant + phosphate”. All of these results suggest that the amendment of phosphate can
greatly simulate microbial mineralization of crude oil.

Total Organic Carbon (TOC)
To monitor microbial carbon utilization in the microcosms, we measured the decrease in total
organic carbon. The addition of dispersant led to more organic carbon detected in the water.
Amendment of phosphate stimulated carbon utilization. After 5 days of incubation, carbon
utilization was twice as high in “oil + phosphate” microcosms than “oil” microcosms. More
carbon utilization was detected in “oil + dispersant + phosphate” treatment than the “oil +
dispersant” treatment (Figure 51).

Dissolved organic matter (DOM) analysis
PARAFRAC modeling of the DOM excitation-emission matrices (EEMs) extracted four major
components to characterize DOM composition (Table 4). The peak excitation and emission
wavelengths are listed in Table 4 and shown in Figure 52 A-D. Similar components were all
found in previous DOM studies at GOM (120). Component 1 (C1) had a maximum fluorescence
at Ex/Em 225/270, which likely represents compounds from terrestrial organic matter or oil
degradation daughter products. Component 2 (C2) at Ex/Em 225/330 possibly represents oil
related compounds like naphthalene. Component 3 (C3) at Ex/Em 225/336 represents oil related
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compounds. Component 4 (C4) at Ex/Em 270/324 are most likely compounds similar to amino
acids.
To understand the influence of phosphate, we compared “oil” and “oil +phosphate” microcosms
(Figure 53). We observed remarkable increase on C4 over time. This trend was accelerated by
the phosphate addition. Similar acceleration was also found in the comparison between “oil +
dispersant” and “oil+ dispersant + phosphate” microcosms.

After that, we determined the similarity of samples with oil using NMDS. The distribution of
samples from “oil” and “oil + phosphate” showed a remarkable difference to samples from “oil +
dispersant” and “oil + Corexit + Phosphate” treatments (Figure 54). However, the DOM
composition distribution failed to show large difference. This meant the addition of phosphate
did not bring as much as influence on the DOM composition in the comparison to dispersant
(Figure 55).

16S rRNA microbial community
16S rRNA gene sequencing showed a decrease of archaea and increase of bacteria over time
(Figure 56, 57). In particular, the phylum of Proteobacteria and Crenarchaeaota accounted for
the majority of bacteria and archaea. A very low abundance of archaea was detected at day 5
and 17. Similarly, Bacteroidetes also declined with time; its relative abundance was even lower
than archaea by day 17. At the class level, Gammaprotebacteria was the dominant bacterial
group. However, its abundance decreased over time, and the abundance of Alphaproteobacteria
increased after 17 days of incubation.

The Gammaproteobacteria families --Oceanospirillaceae, Alteromonadaceae, Colwelliaceae
and Alcanivoracaceae—were some of the dominant taxa that changed in relative abundance
during the course of the incubation. Oceanospirillaceae accounted for only 30% of the initial
community, became the most dominant group after 5 days, and then decreased drastically after
17 days (Figure 58). After 17 days of incubation, the families-- Alteromonadaceae,
Colwelliaceae and Alcanivoracaceae –were the most abundant.
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Alpha diversity
We compared the alpha diversity between 3 groups of treatments: “control” and “dispersant”
treatments as Group A, “oil” and “oil + phosphate” treatments as Group B, and “oil + dispersant”
and “oil + Corexit + phosphate” as Group C. Chao 1 diversity increased in all treatments at day
5 then decreased at day 17 (Figure 59). At each timepoint, Group C had the highest diversity,
followed by Group B, and then Group A.

For Shannon diversity, we observed less diversity in all groups after the incubation (Figure 60,
61). Group B had the lowest Shannon diversity after 17 days incubation, which dropped to
around 1.9. Group A always had the highest diversity at each timepoint, while group C had the
least variance among individual microcosms.

NMDS analysis
We then performed NMDS analysis using weighted unifrac distance to cluster samples based on
microbial community structure (stress value: 0.116) (Figure 62, 63, 64). The dispersant
microcosms changed more than other treatments. These samples from the same sampling time
point were clustered closer to each other. However, treatments without dispersant were more
similar to the sample from the same treatment in later time phase

GeoChip Metagenomics
Alpha diversity analysis based on the GeoChip metagenomic data showed that the “oil + Corexit”
treatment had the lowest Shannon diversity, around 8 (Figure 65). The control and oil treatments
had similar Shannon diversity, which were approximately 9.2.

After that, we performed DCA analysis with the GeoChip metagenomic results. All timepoints
of the control treatment clustered together (Figure 66). After 7 days of incubation, the functional
composition of “oil” and “oil + Corexit” were different functionally. However, after 1 month of
incubation, they became more similar to each other.
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Conclusion
In conclusion, the microbial community in the E.Med deep sea water column revealed strong
responses to crude oil contamination. The presence of crude oil increased the cell growth and
CO2 production. The TOC analysis showed that significant organic carbon was utilized by the
microbial community after a 17-day incubation period. The DOM analysis revealed that the
dissolved organic matter composition changed over incubation. This indicated that the
components from oil were utilized by the microbes.

The addition of dispersant and phosphate both were beneficial for cell growth and mineralization
on crude oil. The TOC results showed that the amendment of phosphate greatly stimulated the
organic carbon utilization in oil and oil plus dispersant conditions. Compared with phosphate
amendment, the DOM analysis showed that the addition of dispersant led to more changes to the
DOM composition than phosphate. This suggests that phosphate could be used as nutrient
supplement for oil bioremediation in the E.Med, since it led to higher microbial activity and did
not bring extra carbon in the contaminated water.

The microbial community analysis showed that crude oil led to the enrichment of oil degrading
bacteria. The application of dispersant caused more changes to the community composition
overtime, while it was not observed from the phosphate amendment. The metagenomic results
revealed similar functional gene composition in “oil” and “oil + Corexit” treatments after 30-day
incubation.

In this study, we did detect the cell growth and organic carbon utilization. However, more
accurate carbon analysis will be helpful to reveal detailed biodegradation on various compounds
from crude oil as well as more replicates will also be beneficial to have more confidence on the
both the microbial carbon utilization and community changes.
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Appendix: Tables and Figures for Chapter 4

Figure 48. Experimental Design
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Figure 49. E.Med Phosphate Microcosms Cell Counts.
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Figure 50. E.Med Microcosm carbon dioxide accumulation after 17 days.
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Figure 51. E.Med Microcosm Total Organic Carbon.
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Table 4. Characterization of the four major fluorescent DOM components derived from
PARAFAC modeling.
Component
C1

Excitation

Emission

Components in

(nm)

(nm)

Zhou et al.

225

270

C5

Description

Terrestrial organic matter degradation
products, oil degradation product

C2

225

330

C1

Crude oil-related

C3

255

312

C4

Amino acids related

C4

240

360

C2

Oil-related, naphthalene like
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a

b

c

d

Figure 52 A-D. PARAFRAC Modeling Components.
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Figure 53 Phosphate impact on Dom composition.
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Figure 54 NMDS analysis on dispersant influence.
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Figure 55 NMDS analysis on phosphate influence.
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Figure 56. Taxa Barplot at Phylum level.
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Figure 57. Taxa Barplot at Class level.
Classes shown are greater than 1% relative abundance.
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Figure 58. Taxa barplot of dominant families within the class Gammaproteobacteria.
Families shown are greater than 2% relative abundance.
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Figure 59. Chao1 Diversity.
Microcosms were divided into 3 groups- A, B, and C. Group A consists of control microcosms.
Group B consists of the oil amended microcosms, Oil and Oil Phosphate microcosms. Group C
consists of dispersant amended microcosms, Oil+Dispersant and Oil+Dispersant+Phosphate.
Boxplots show the distribution of Chao1 for the groups at different timepoints.

142

Figure 60. Shannon Diversity.
Boxplots show the distribution of Shannon diversity for the groups at different timepoints.
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Figure 61. Shannon Diversity of all treatments.
Colors indicate the timepoint of the Shannon diversity: red is for day 0, green is for day 5, and
blue is for day 17.

144

Figure 62. NMDS weighted Unifrac of all samples.
The treatments are indicated by colors. Shapes indicate the timepoint.
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Figure 63. NMDS weighted Unifrac ordination of all treatments.
Colors indicate different treatments.
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Figure 64. NMDS weighted Unifrac of timepoints.
Color indicate different timepoints.
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Control

Oil + Crexit

Oil

Figure 65. Shannon diversity of functional genes.
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Figure 66. DCA plot of functional genes.
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CHAPTER 5: CONCLUSION AND FUTURE DIRESTIONS
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This work integrates metagenomics with microbial utilization capacity of deep ocean microbial
communities to extend our understanding on the impact of crude oil to the indigenous microbial
communities in deep E.Med and GAB. The on-ship microcosm in the second chapter reveals
that the microbial community in deep E.Med had a fast adaption to crude oil contamination in
terms of phylogeny and functional genes. In chapter three, I compared the microbial carbon
utilization and community chagnes in E.Med and GAB, finding that the indigenous microbial
communities in deep E.Med and GAB can both use carbon from crude oil with the increased
abundance of oil degrading bacteria. In chapter four, I examine other potential ways to speed up
microbial mineralization by phosphate amendment and dispersant addition in longer incubation
time. This study is with great importance to have quantative estimation of crude oil carbon
utilization by deep ocean microbial communities and better bioremediation methods for possible
oil contamination happening at deep E.Med and GAB. At same time, this work also introduces
us multiple directions for future scientists to study.

The analysis in second chapter focused on the deep E.Med microbial response to oil in a shortterm incubation. The oil degrading bacteria and oil biodegradation related genes are enriched
after the indigenous microbial community exposed to crude oil at E.Med within three days. A
significant difference on oil degrading gene abundance is different between two depths that are
200 m apart. As “bottle effect” can impact the microbial community in the water, this study
aims to minimize the shifts in microbial community structure from sample storage by using onship microcosm experiment. Although we observe fast and strong adaption to crude oil from the
indigenous microbial community, it will be beneficial if we can measure the oil mineralization
rate and carbon utilization of those microcosms. Analysis of microbial community changes is
insufficient to achieve an accurate measure of oil biodegradation rate in deep E.Med.

Detailed carbon utilization analysis is a possible direction for future on ship microcosm study. It
may help us to know the oil biodegradation during incubation with limited bottle effects. With
the microbial carbon utilization and oil biodegradation results, it will be possible to estimate
crude oil biodegradation in deep E.Med in short term. In addition, these results can provide more
information on the oil biodegradation capacity between microbial communities in different
depths at deep E.Med. This information should be combined with the GeoChip metagenomics to
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determine the contribution of different oil degrading genes in communities to their oil
biodegradation capacity.

The third chapter uses in-lab microcosm to explore the microbial carbon utilization and
community changes in E.Med and GAB. Surprisingly, the microbial communities show strong
oil mineralization and organic carbon utilization capacity. However, GOM has much higher cell
growth and oil mineralization capacity compared to E.Med and GAB. Similar to GOM, the
application of dispersant can increase both organic carbon utilization rates. Further, we observe
some similar succession trend in the microbial communities like GOM. Many oil degrading
bacteria is enriched during incubation. However, the communities of E.Med and GOM are still
quite different after 17 days. This suggests microbial communities from various deep oceans will
end up with distinct composition in the presence of crude oil contamination, which may result
from the different deep sea geochemical features.

One of the most interesting observations in this chapter is that deep E.Med and GAB
communities have strong oil mineralization and carbon utilization capacity. However, it is still
not clear the biodegradation capacity on diverse oil compounds in E.Med and GAB. It would not
only help us to have more accurate estimation on crude oil and the abundance of the most toxic
compounds left in the water after potential oil spill, but also show the contribution of one group
of bacteria to the biodegradation of a specific compound. After that, it will be possible to
determine different compound preference of oil degrading bacteria at each basin. This will
further shed light on the reasons of different microbial communities structure after incubation
with oil.

Given the E.Med microbial response to oil has been discussed in the second and third chapter, it
is with tremendous practical importance for us to examine potential oil bioremediation methods
in E.Med. The fourth chapter presents the effect comparison of nutrient and phosphate
amendment in deep E.Med water for oil bioremediation. The application of phosphate and
dispersant can both increase cell growth and oil mineralization. Extra phosphate can stimulate
the microbial organic carbon utilization with and without the presence of dispersant. Although
dispersant and phosphate amendment are both beneficial for oil biodegradation, the application
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of phosphate doesn’t lead to as much changes as dispersant on microbial community
composition. In addition, the GeoChip metagenomic results showed similar functional gene
composition in “oil” and “oil+Corexit” conditions after 30-day incubation.

Although the both the application of phosphate and dispersant can accelerate the utilization of
organic carbon from oil, it still requires more detailed carbon analysis and transcriptional test to
gain a comprehensive idea on the impact of these two bioremediation methods. More accurate
carbon analysis could inform us the connection of biodegradation of various compounds to
different methods. The transcription analysis on oil biodegradation genes can cast light on genes
mediating this connection. Furthermore, obtaining oil-degrading isolation from microcosm will
be meaningful for the test of better oil bioremediation methods. More detailed test of oil
degrading activity of the isolates can be carried out under complex conditions.

Due to increasing crude oil demand and offshore drilling activities, there is an increased risk of
deep marine oil spills in E.Med and GAB. This work focuses on the analysis of the microbial
community response to crude oil, oil biodegradation capacity and potential oil bioremediation
methods at deep E.Med and GAB. Although this work covers multiple aspects of environmental
microbiology, it is unified by the idea that oil biodegradation capacity is widely existed in
microbial communities from various environments.
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